SIMULATION OF A NOVEL MEDIATED OXYCOMBUSTION SYSTEM by Al Mrayatee, Hussein M
Southern Illinois University Carbondale
OpenSIUC
Dissertations Theses and Dissertations
5-1-2019
SIMULATION OF A NOVEL MEDIATED
OXYCOMBUSTION SYSTEM
Hussein M. Al Mrayatee
Southern Illinois University Carbondale, husseinxmsm@gmail.com
Follow this and additional works at: https://opensiuc.lib.siu.edu/dissertations
This Open Access Dissertation is brought to you for free and open access by the Theses and Dissertations at OpenSIUC. It has been accepted for
inclusion in Dissertations by an authorized administrator of OpenSIUC. For more information, please contact opensiuc@lib.siu.edu.
Recommended Citation
Al Mrayatee, Hussein M., "SIMULATION OF A NOVEL MEDIATED OXYCOMBUSTION SYSTEM" (2019). Dissertations. 1668.
https://opensiuc.lib.siu.edu/dissertations/1668
 
 
SIMULATION OF A NOVEL MEDIATED OXYCOMBUSTION SYSTEM 
 
 
 
 
 
 
 
By 
 
Hussein Mohammed Sadeq Al-Mrayatee 
 
B.Sc., University of Baghdad, Iraq, 2000 
M.Sc., University of Baghdad, Iraq, 2003 
 
 
 
 
 
A Dissertation  
Submitted in Partial Fulfillment of the Requirements for the  
Doctor of Philosophy Degree 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Department of Mechanical Engineering and Energy Processes 
College of Engineering 
In the Graduate School 
Southern Illinois University Carbondale 
May 2019 
 
 
DISSERTATION APPROVAL 
 
SIMULATION OF A NOVEL MEDIATED OXYCOMBUSTION SYSTEM 
 
 
By 
Hussein Mohammed Sadeq Al-Mrayatee 
 
A Dissertation Submitted in Partial 
 Fulfillment of the Requirements  
for the Degree of  
Doctor of Philosophy  
in the field of Engineering Science  
 
Approved by: 
Dr. Kanchan Mondal, Chair 
Dr. Rasit Koc 
Dr. Emmanuel C.Nsofor 
Dr. James A. Mathias 
Dr. Saikat Talapatra 
 
Graduate School 
Southern Illinois University Carbondale  
March 19, 2019 
  
i 
 
AN ABSTRACT OF THE DISSERTATION OF 
HUSSEIN MOHAMMED SADEQ AL-MRAYATEE, for the Doctor of Philosophy degree in 
ENGINEERING SCIENCE, Presented on March 19, 2019, at Southern Illinois University 
Carbondale. 
 
TITLE: SIMULATION OF A NOVEL MEDIATED OXYCOMBUSTION SYSTEM 
 
MAJOR PROFESSOR: Dr. Kanchan Mondal 
 Global warming and climate change are serious problems challenging humanity. 
Therefore, important steps need to be taken to neutralize such a challenge. During the last 
century, huge amounts of carbon dioxide released into the atmosphere is causing damages to our 
bio-ecosphere. Technologies such as oxycombustion and chemical looping combustion had been 
discussed to capture and sequester carbon dioxide at lower cost. Separating air from fuel using 
chemical looping or separating nitrogen from the air using the oxygen transport membrane 
(OTM) are the main steps to capture carbon dioxide in a less expensive method. Each technology 
has its own drawbacks.  Therefore, to overcome these drawbacks an integrated system is 
proposed combining oxycombustion, chemical looping and OTM technologies into one system. 
This work aimed to model and simulate an integrated system in a single reactor using liquid 
antimony and antimony trioxide as an oxygen carrier to shuttle the oxygen from the OTM to the 
fuel. Thermal management and materials transport is achieved using natural circulation arising 
from density differences between metal and metal oxide. Heat is released inside the reactor due 
to the exothermic oxidation reaction, and the temperature is found to increase in the absence of a 
sink. The temperature profile is studied in all the reactor zones with respect to oxidation and the 
reduction rates, operating temperature, fluid viscosity, and radiation effects. The results show 
that the system has a good potential to transfer the heat generated from the oxidation to other 
zones and thus can be used as a boiler.  
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CHAPTER 1 
INTRODUCTION 
1.1 Background 
The environmental impact of energy consumption is an important issue challenging our 
existence. Global warming and climate change have direct impact on our lives and other 
creatures that share the same plant with us. Excessive use of fossil fuel has released huge 
amounts of carbon dioxide, carbon monoxide and other harmful gases related to fossil fuels 
combustion into the atmosphere. Many solutions were proposed and tested to reduce greenhouse 
gases emissions, but each of them needs extensive studies and revision. Renewable energy such 
as wind, biofuel, solar and hydropower are attractive energy sources due to availability and 
environment friendly nature.  However, the lower efficiency achieved and storage issues are the 
main drawbacks in the utilization of such resources. Extensive research needs to be conducted to 
improve the harvest and storage of such energy resources. Only about 10% of our current energy 
production comes from renewable resources. Another 8% comes from nuclear power, but due to 
operational safety and waste disposal concern the usage of such technology is limited. The bulk 
of energy production is still dependent on fossil fuels such as petroleum, natural gas and coal. 
Meanwhile, the fossil fuel sector employs millions of people and many countries around the 
world depend on such fuel to support the economy. 
The best approach to overcome the environmental crisis and provide energy is to be more 
efficient utilizing of traditional carbon-based fuels by cleaner and more sustainable methods. As 
mentioned earlier, global warming issues due to the release of CO2 during fossil fuel-driven 
electricity generation is becoming a major issue. Thus, for continued utilization of carbon-based 
fuels three approaches are generally considered.  The first approach involves increasing the 
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efficiency of traditional power cycles by moving from subcritical conditions to supercritical 
conditions.  Research has shown that based on the current efficiencies, the carbon dioxide 
emissions can be reduced by 30 % if the cycle efficiency is improved from 39 % at subcritical 
conditions to over 50 % in advanced supercritical conditions.  The second approach is the pre-
combustion separation enabled by gasification technologies.  The resulting power cycle is a 
combined cycle with a topping Brayton cycle- based moist hydrogen driven gas turbine system 
with a bottoming Rankine cycle driven by steam generated through heat recovery from various 
exothermic unit operations.  The last option is the post combustion/utilization carbon capture.  
Traditional post combustion carbon capture is inefficient, since the CO2 content ranges from 9 to 
15 % in a flue gas primarily composed of nitrogen.  The nitrogen in the fuel and air also forms 
nitrous oxide which have to be removed.  There are several solvents and sorbents which have 
been studied to enable post combustion carbon capture.  The materials are more efficient when 
the CO2 content in the flue gas is high.  Thus, to improve the CO2 content in the post utilization 
gaseous stream, advanced technologies such as oxycombustion, chemical looping combustion, 
and direct carbon fuel cells have been developed.  In oxycombustion, oxygen is first separated 
from air and the fossil fuel is burnt in oxygen, thereby producing only CO2 and H2O.  Part of the 
produced CO2 is recycled to dilute the oxygen but not the flue gas.  In chemical looping 
combustion, a metal oxide is used to deliver the oxygen obviating the need for direct interaction 
of the fuel with air.  The reduced metal oxide is then re-oxidized in air.  The resultant gaseous 
streams are separate streams of high CO2 containing flue gas and oxygen- depleted air.  In direct 
carbon fuel cells an oxygen ion transporting membrane is used as a separator for nitrogen and 
oxygen.  The transported oxygen ion then directly or indirectly electrochemically reacts with the 
carbon at the anode while a traditional cathode is used for the oxygen reduction reaction. 
3 
 
 We have designed a new system that integrates the advantages of the above three post 
combustion capture technologies while mitigating the technical barriers for each.  In this work, 
fuel is combusted by a metal oxide as in a chemical looping and the reduced metal oxide is 
oxidized by oxygen (and not air) as in oxycombustion and the oxygen for this operation is 
obtained by separation from air using an oxygen transport membrane often employed in solid 
oxide fuel cells.  Using an integration of different technologies into one is novel and the 
simulation of this system is the creative input that will asssit in the design of the combustion 
system and the thermal management aspects. 
1.2 CO2 capture technologies   
 Carbon dioxide concentration in the atmosphere has been growing rapidly in the last 
decade. In 2013, CO2 levels reached 400 ppm for the first time in recorded history. Therefore 
massive cuts in CO2 emission are necessary to stop  global warming and climate change [1]. 
Carbon dioxide is produced in the  power generation, transportation and industry sectors.  Nearly 
10 billion tons of CO2 per year are released from power generation [2] . Capture and 
sequestering such amount will help to reduce the emission of greenhouse gases. CO2 can be 
sequestered in geological formations, in the ocean and or as mineral carbonates. It may also be 
used for the industrial processes. In general, there are three main technologies to capture CO2 
during energy production: post-combustion, pre-combustion and oxy-fuel combustion as shown 
in figure (1.1). 
 The post-combustion process starts after the complete combustion of fuel, where flue 
gases product is being purified from particulate matter, NOx and SOx.  Many CO2 capture 
technologies are being investigated including chemical absorption, adsorption and membrane 
separation. The most commonly used method commercially is chemical absorption where the 
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flue gases cooled and fed to  the absorber where an amine solvent is emplyed to absorb CO2. 
Then, the highly concentrated CO2 amino is regenerated in the stripper under high temperature to 
recover the CO2 at low pressure [3, 4] . The post-combustion process has a high energy penalty, 
which is 8% and 6% for the coal and gas fired power plant respectively [5]. 
The pre-combustion is mainly applicable to coal-gasification plants, specifically 
integrated gasification combined cycle (IGCC). In the gasifier coal, is introduced to produce 
syngas at high temperature and pressure. The raw product contains pollutant particles such as 
mercury, H2S and COS which need to be removed. After pollutants are removed the product 
mainly contains CO and H2 where CO is converted to CO2 through steam reforming. H2 enters  
the combustion chamber after CO2 is removed. This process has a lower cost compared to the 
post-combustion technology [6].  
Figure (1.1) CO2 capture technologies [7] 
Oxy-fuel combustion, where fossil fuel is burned in nearly pure oxygen to produce flue 
gas with high CO2 and H2O concentration, where it can be separated easily.  This is a nitrogen 
free process, which prevents NOX emissions. The energy penalty is huge because oxygen 
supplied to the combustion chamber is produced by the cryogenic air separation process, which 
has a high energy consumption. The oxycombustion is promising technology if oxygen 
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separation can be achieved at a lower cost.  Research on membrane based air separation is 
ongoing to achieve lowered separation costs.    
Chemical looping combustion (CLC) is another concept used to capture CO2 through the 
separation air and fuel using intermediate oxygen carrier. Air oxidize the oxygen carrier in the air 
reactor and then the oxygen carrier reduces to its original state inside the fuel reactor as shown in 
figure (1.2). Many metals, such as Ni, Fe, Mn, Cu and Mo, and their oxides were tested and 
explored as potential materials to serve as an oxygen carrier. One of the constraints on this 
technology is the risk of the agglomeration of solid oxygen carrier particles at higher 
temperatures. The agglomeration reduces the available specific surface resulting in a lowered 
observed reaction rate between the oxygen carrier and solid fuel. In addition, hot solids handling 
between the air and fuel reactor is complicated. Therefore, the liquid metal oxide was suggested 
as an oxygen carrier. Researchers studied the potential for the liquid oxygen carriers for liquid 
chemical looping combustion technology (LCLC). The results indicate that Pb, Cu and Sb oxides 
had the potential due to lower operation temperature and a good oxygen carrier [8].  
 
 
 
 
 
 
 
 
 
 
Figure (1.2) Chemical looping process 
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1.3 Project description 
The novel mediated oxycombustion system results from the integration of three 
technologies, namely oxycombustion, oxygen transport membrane (OTM) and LCLC in one 
reactor to overcome the limitations and cons of the individual system. Researchers have studied 
each system individually without combining the three systems. Integration of the three system in 
to one is of significance and the originality of this study.  This system is proposed only by Dr. 
Mondal. He proposed a single reactor is used instead of two sperate reactors. using the chemical 
looping technology as an oxygen pickup and release mechanism from oxygen transport 
membrane (OTM) oxidizes the fuel. Oxygen is picked up in oxidation process where the metal is 
oxidized and then released to combust the fuel while reducing the metal oxide to metal[10]. Heat 
will be generated due to the exothermic nature for the oxidation process and the only products 
from fuel reduction will be carbon dioxide and water vaper. Sims [11] conducted the sub-system 
analysis and system integration experimentally.  In this research, data from the experimental 
study is used to simulate the single reactor mediated oxycombustion process using ANSYS 
FLUENT. This study seeks to understand the system performance by evaluating the temperature 
distribution in the reactor with different parameters variation such as oxidation rate, reduction 
rate, operation temperature, liquid metal viscosity and radiation effect as well as the distribution 
of the products. The importance of the temperature distribution will help to optimize and design 
the single reactor, where we can set the heat utility equipment to extract the heat generated. 
1.4 Motivation  
The global economic growth for the countries will put more pressure on the environment, 
researchers linked the national income growth with pollution and the amount of greenhouse 
gases emission. According to the environmental Kuznets curve (EKC), the pollution level is 
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higher in the early stages of development, but then pollution levels will decrease when a certain 
level of development has been reached, this will happen only if the societies are willing to pay 
for improving the quality of the environment [12]. All the facts on the ground proved that 
societies are not willing to pay their share to improve environmental quality with all income 
increase. Since the industrial revolution began about 1750, carbon dioxide levels have increased 
nearly 38 percent as of 2009 and methane levels have increased 148 percent, which is warming 
up the earth average surface temperature. Global efforts need to be made to decrease the 
anthropogenic greenhouse gas emissions, mainly CO2 emission, and for the foreseeable future, 
coupling fossil fuel conversion systems with economical CO2 capture and sequestration until the 
technologies of zero emission CO2 is obtainable and applicable. The cost of CO2 management 
that includes separation, transportation and safe sequestration from flue gases is energy intensive, 
therefore a process that can reduce the energy penalty will be pivotal in CO2 management 
process [3, 13, 14]. 
The importance of this study is to achieve lower cost CO2 separation and overcome the 
typical issues in the current technologies. Burning fossil fuel with pure oxygen will prevent NOx 
formation and easily separate the product of combustion because it is mainly CO2 and H2O, in 
additional lower the cost of oxygen separation of integrating OTM to the system. The use of an 
oxygen mediator (metal-metal oxide) enhances the thermal management within the same reactor 
and decreases the issues of high concentrations of carbonic acids.  A simulation model of the 
proposed system will give the advantage to optimize the system and study different effects on the 
total temperature and energy released from the system. 
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1.5 Significance of the Study 
 The innovation in this project is the simulation of two heterogeneous reactions, oxidation 
and reduction in single reactant using LCLC technology as oxygen pickup and release mediate. 
While there have been simulations on CLCs, there had not been any study in liquid metal based 
CLCs.  Moreover, since the design is unique, no studies have been conducted on this system.  
The unique properties of antimony and antimony oxides give it advantages on other materials: 
properties such as low melting points and density shows great potential to overcome the common 
problems of handling liquid metal. Integrating oxycombustion, OTM and LCLC system will 
mitigate the cost of CO2 separation in energy production and reduce the energy penalty. The 
result from this study would be beneficial to study and optimize the system proposed by 
increasing the energy released and improve the thermal management.  The results obtained from 
this study will enable us to identify proper locations for the steam tubes generation. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Ceramic-based oxygen transport membranes  
The demand for pure oxygen in different industrial processes, such as power generation 
and chemical industry sectors has increased in the last few decades. Therefore, an efficient 
method needs to be found to replace the cryogenic distillation method, which is very energy 
intensive and old. Another method that has been used to produce oxygen is the pressure swing 
adsorption technique which is limited to oxygen purity of 95%.  The use of a polymeric 
membrane is another method.  However, due to very small kinetic diameters between nitrogen 
and oxygen, their separation in polymeric membranes is difficult [15-17]. The ceramic 
membranes, on the other hand, have the potential to produce high oxygen purity and to operate 
continuously over long periods with lower energy consumption and result in lower total cost.  
Figure (2.1) ceramic membrane types (a) electrodes (b-i) single-phase (b-ii) dual-phase 
[18] 
Ceramic membrane types can be classified based on conduction mechanism: ionic (figure 
(2.1a)) and mixed ionic-electronic (figure (2.1b)). Mixed ionic electronic with a single phase 
membrane or a dual-phase membrane, requires no electrodes to operate and transport can be 
10 
 
achieved by the partial pressure gradient applied on both sides of the membrane as shown in 
figure (2.1b-i,ii) [18]. 
Different crystal structures, such as fluorite and perovskite, have been investigated for 
oxygen permeation in the past 30 years. These structures exhibit good oxygen permeation and 
good chemical stability compared to other structures. Other crystal structures such as Pyrochlore 
(A2B2O7), Brownmillerite (A2B2O5), Sr4Fe6-xCoxO13 compound, Ruddlesden-Popper series 
(An+1BnO3n+1) and Orthorhombic K2NiF4-type structure materials have also been studied.  The 
last two types are also classified into the perovskite structure due to similar in growth 
microstructure. These crystal structures are promising conducting materials to show good oxygen 
permeation and structure stability, but require further investigations [18].  
The oxygen permeation through these membranes depends on structural defects, which 
can occur internally or externally by interaction with the environment and the effect of 
impurities.  In order to improve ionic conductivity, a higher concentration of anion vacancies or 
interstitial cations is required.  This is achieved through partial substitution of ions of similar size 
but different valence numbers. For instance, oxygen vacancies in LaBO3 oxide can be formed as 
a result of the partial replacement of some La+3 ions by Sr+4 in La1-xSrxBO3-δ [7]. Oxygen ions 
can be released from crystal structure lattice through a gradient in oxygen chemical potential by 
hopping mechanism when sufficient thermal energy is provided to overcome the energy barriers 
[18].  
Metal oxides might show ionic conductivity due to the high concentration of oxygen 
vacancies or electronic conductivity due to the mixed-valence state. Electronic conductivity can 
be either n-type or p-type conductors, depending on material properties and oxygen/metal 
deficiency in the crystal structure. The n-type electron conductor is generated by the deficiency 
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of oxygen with excess metals, while the p-type electron holes (positive electronic defects) 
generated by the deficiency of metal with excess oxygen. The conductivity of an inorganic 
compound depends upon the products of their defect compound concentration, charge and, 
mobility, which, in turn, are affected by temperature and oxygen partial pressure [18, 19].  
To prepare ceramic-based membranes, different technologies such as the conventional 
powder method, co-precipitation, sol-gel techniques, hydrothermal and spray and freezing drying 
have been developed and investigated [20-24].  Identical metal oxides prepared by different 
technologies have been reported to exhibit different oxygen permeation flux when operated 
under the same conditions This occurs due to differences in microstructure obtained by each 
technology. The microstructure such as surface area, porosity and the grain size affect the 
physical and chemical properties of the ceramic membranes. Increasing the grain size enhances 
the ionic conductivity due to a decrease in interstitial boundaries. On the other hand, greater 
structural stability at higher temperature is achieved at smaller grain sizes, resulting in higher 
overall conductivity. The grain size distribution is often controlled by the sintering temperature 
applied in each technology [25]. 
In general, the oxygen permeation process through the mixed ionic-electronic membrane 
(MIEC) as shown in figure (2.2) includes the following five steps: I) oxygen molecular diffusion 
from the gas to the membrane surface. II) the reaction between the molecular oxygen (O2) and 
vacancy (𝑉𝑂
••) on the oxygen higher concentration membrane surface, where the oxygen gas 
reduced to oxygen ions (𝑂𝑂
𝑥
) and electron holes (ℎ
•
). III) bulk diffusion of oxygen ion or 
vacancy through the membrane surface to the oxygen lean side membrane surface driven by the 
oxygen partial pressure gradient across the membrane. IV) reaction between the lattice oxygen 
and electron-hole to recombine to form molecular oxygen happened on the membrane surface; 
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and finally, V) mass transfer of oxygen from the membrane surface to the gas. Both molecular 
oxygen diffusion from the gas to the membrane and from the membrane to gas can be neglected. 
because the resistance in both steps is very small compared to the other steps. The bulk diffusion 
is generally the limiting step when the membrane thickness is increased, while oxygen surface 
reaction is the limiting step when membrane thickness is decreased [26, 27].  
Figure (2.2) schematic of oxygen permeation across the MIEC membranes [26] 
The oxygen permeation flux can be described by Wagner equation, which shows that the 
oxygen flux is a function of both ionic and electronic conductivity, thickness and pressure 
gradient on both sides of the membrane [28]. 
 𝐽𝑂2 =
𝑅−𝑇
42𝐹2𝐿
∫
𝜎𝑖⋅𝜎𝑒
(𝜎𝑖+𝜎𝑒)
𝑃𝑂
′
2
𝑃𝑂
″
2
𝑑𝑙𝑛𝑃𝑂2       (2.1) 
Fluorite oxide cubic crystal structures (figure (2.3)) such as ceria, bismuth oxide, and 
zirconia, are ion conducting materials.  In these materials, the ionic conductivity is two orders 
higher in magnitude than the electronic conductivity. To improve the electronic conductivity, a 
second ceramic phase with higher electronic conductivity such as TiO2, TbO2, and CuO is 
introduced and doped to the structure.  These materials not only increase the electronic 
conductivity but also helps to stabilize the fluorite cubic structure at high elevated temperatures. 
The amount needed to stabilize zirconia cubic structure is 12-13 mol% CaO, 8-9 mol% f Yb2O3 
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and 8-12mol% Sc2O3 and with other rare-earth oxides. The substitution of divalent or trivalent 
ions site Y3+, Ca2+ for Zr4+ sites generate oxygen vacancies that compensate for the charge loss 
and allow oxygen ion migration. The solid solution of zirconia with scandium oxide has the 
highest conductivity of 0.32 Scm-1 at 1000°C for 8 mol% of Sc2O3 solution in ZrO2 [9, 29-33]. 
Fluorite structures shows lower oxygen permeability around (10-11-10-8 mol cm-2s-1) between 
(600 to 1527oC).  One of the best materials is bismuth doped yttrium and samarium oxides that 
achieve a flux of 7.75×10--8 mols-1cm-2 at 930oC with a thickness 1.225 mm from a rich 
atmosphere with an oxygen partial pressure of 0.5 atmospheres to a deprived atmosphere with an 
oxygen partial pressure of 0.071 atmospheres [34].  
Figure (2.3) ideal fluorite structure. Cations are represented as blue atoms, occupying face-
center positions and the corners of the unit cell [35] 
 
Figure (2.4) shows a perovskite oxide crystal structure, ABO3, where A and B are 
cations. The total valence number of A-sites and B-sites is equal to 6, but in the real-world 
perovskite exist with an oxygen anion deficiency or excess depending on the total valence 
number on both A and B sites. Oxides with perovskite structure attracted more attention due to 
high electronic conductivity, which is lower than ionic conductivity by more than one order of 
magnitude. Improving conductivity and material stability can be easily achieved on the 
perovskite structure by doped in A and B site position with another cation, turning the materials 
to wide application. The oxygen permeation fluxes for the perovskite structure membrane can 
reach 10-10-10-6 mol cm-2s-1 between 800 and 1000oC. SrCo0.8Fe0.2O3-δ perovskite structure 
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exhibits an oxygen permeation flux of 2.485×10-6 mols-1cm-2 at 870oC with a thickness 1mm 
from a rich atmosphere with oxygen partial pressure of 0.21 atmospheres to a deprived 
atmosphere with an oxygen partial pressure of 0.001 atmosphere [7, 9, 36].  
Figure (2.4) The structure of perovskite ABO3. (a) corner-sharing (BO6) octahedral with A ions 
located in 12-coordinated interstices. (b) B-site cation at the center of the cell [37] 
 
Fluorite structure exhibit high chemical stability under harsh operating condition, but the 
oxygen flux rate is very depressed due to the deficiency of sufficient electronic conductivity. On 
the other hand, the perovskite structure exhibit high oxygen flux, but often suffers from material 
instability under harsh operating conditions, which make them unsuitable for industrial 
applications. Consequently, double-phase composite membranes consisting of fluorite with 
higher ionic conductivity and the second ceramic phase with higher electronic conductivity, such 
various oxide perovskites, ceramic- metallic based and ceramic-ceramic based have been 
conceived. These membranes are very promising due to stability and enough ionic and electronic 
conductivity that provide maximum oxygen permeation. The dual-phase membrane that contains 
yttria stabilized with bismuth oxides-silver is reported to achieve oxygen permeation flux about 
10-7 mols-1cm-2 even at a lower temperature around 500°C.  Maximizing oxygen flux and 
reducing operation temperature are required for industrial applications to avoid energy penalties 
[38, 39]. 
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Membrane thickness plays a major role in oxygen flux permeation.  According to 
Wanger’s equation (2.1) we can increase oxygen permeation by reducing the thickness of the 
membrane. The bulk diffusion is the limiting step if the membrane thickness is too high.  The 
oxygen permeation flux in such a case can also be explained by Wanger equation (2.1). When 
the thickness is decreased, the surface exchange reaction is the limiting step.  Here, Wanger 
equation can be modified to include the surface reaction kinetics as shown (2.2)[40]:                
𝐽𝑂2 =
1
1+(
2𝐿𝐶
𝐿
)
𝑅−𝑇
16𝐹2𝐿
∫ 𝜎𝑖
𝑃′𝑂2
𝑃″𝑂2
𝑑𝑙𝑛𝑃𝑂2        (2.2) 
where Lc is the characteristic thickness represent the transition thickness from the dominantly 
bulk diffusion to the surface exchange reaction. The membrane thickness reduction will enhance 
oxygen permeation only when the thickness value above Lc thickness.  Values lower than Lc will 
be useless since oxygen permeation is limited to surface reaction exchange only. Membrane 
configuration is also equally important in determining the membrane performance.   Different 
membrane geometries, such as a disk, tubular and hollow fiber, have been proposed and 
experimented. The hollow fibers exhibit high oxygen permeation flux due to the very thin 
transport layer, large permission area per unit volume and less sealing area compare to other 
geometries [9, 18, 41]. 
To raise the oxygen permeation flux further, surface modification can be applied through, 
surface roughening vis acid etching and adding surface coating layer with superior oxygen 
exchange conductivity, these methods are important to enhance the oxygen permeation flux and 
avoid chemical and mechanical properties of the membrane [42-44]. Different coating materials 
are used such as LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ), SCFe (SrCo0.8Fe0.2O2-δ), BSCF 
(Ba0.5Sr0.5Co0.8Fe0.2O3-δ), LSC (La0.6Sr0.4CoO3-δ), STF (SrTi0.5Fe0.5O3-δ) and LSM 
(La0.7Sr0.3MnO3- δ). Young-il Kwon [45] studied the oxygen flux permeation of fluorite-rich dual 
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phase membrane GDC (Ce0.5Gd0.1O2-δ), as a function of thickness through the adoption of 
various coating materials. The research reported an increase in oxygen flux for coating 
membranes due to, increase in the oxygen chemical potential gradient and thus the increased 
surface exchange kinetics coefficient. The oxygen permeation flux improved in the order of LSC 
> STF = LSCF > LSM/GDC > LSM for coating materials. Also, it was noted that coating 
materials with higher electronic conductivity is not required to significantly improve oxygen flux 
permeation. Research [46] on LSCF hollow fiber as the substrate membrane under surface 
treatment with hydrochloric acid-etching was studied. (La0.5Sr0.5)2CoO4+δ and K2NiF4-type oxide 
surface decoration catalyst were chosen to improve the oxygen reduction reaction. The result 
shows higher oxygen permeation flux for the acid-etched LSCF membrane than the bare LSCF 
membrane and the oxygen flux is further increased for decoration surface. The oxygen flux 
through an acid-etched and decoration LSCF increased from 0.036 to 1.021, 0.067 to 1.131 and 
0.201 to 1.311 ml min-1 cm-2, respectively, when the operating temperature increased from 700 to 
1000oC. Increasing the temperature led to bulk diffusion to dominate over the surface reaction 
exchange step and resulted in a decrease in the oxygen flux. The result emphases that surface 
treatment is indeed important to improve surface catalytic activity, and thus higher oxygen flux. 
 Operation condition such as temperature and pressure have also been reported to impact 
the oxygen flux permeation because the concentration of defect in the MIEC is a function of 
temperature and pressure [18]. Higher oxygen flux can achieve by elevating temperature, 
resulting in an increase in oxygen flux from 0.006 to 0.419 ml.min-1cm-2 when the temperature 
increases from 750 to 950oC for LSC hollow fiber.  This increase has been attributed to 
improvement in both oxygen bulk and surface reaction exchange conductivity at higher 
temperature [41, 46]. Another technique to improve oxygen permeation is increasing the oxygen 
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partial pressure gradient on the feed side and the permeate side. This can be done by using high 
pressure air on the feed side between 15 to 20 bar [47] or pressure below atmospheric on the 
permeate side by applied vacuum condition or using different sweep inert gas flow rate. It was 
reported [41] that oxygen permeation flux increased about 1.4 times for different membrane 
materials by changing the helium gas flow rate from 100 to 300 ml min-1. 
 Other conditions that can affect the oxygen permeation flux values had reported by many 
researchers.  In one report [9] different sealing materials were found to affect the oxygen flux. 
Typically, any membrane under investigation will be sealed into a tube with one side exposed to 
the air and the other to sweep inert gas. The effective sealing critical to reduce gas leakage and 
ensure oxygen purity. Electronic conductive sealant silver paste and non-electronic conductive 
ceramic paste sealant was used with three conducting materials, a) PBC with very high electronic 
conductivity, b) BSCF5582 with very high oxygen permeability and c) modest electrical 
conductivity SDC with higher ionic conductivity. The electronic conductive sealant was founded 
to prepare an external short circuit for electronic conductivity and as a consequence, the sealant 
affected oxygen flux. The SDC membrane with silver sealant showed oxygen flux improvement 
due to the external short circuit created from the silver paste, which increased the electrical 
conductivity of the membrane. There was no substantial improvement in oxygen flux for both 
PBC and BSCF5582 membrane because there was enough electrical conductivity. 
 The permeation of oxygen flux doesn't only depend on membrane thickness or operating 
conditions. The great variation in flux was reported on membranes with the same material 
composition, but with a different preparation technique. The difference in the technique affected 
the resulting microstructure, impurity, bulk conductivity, the surface reaction exchange and 
sweep flux for the inert gas on the permeate side [48, 49].  
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2.2 Application for oxygen transport membranes (OTM) 
Oxygen is an important gas used in several industrial processes, the worldwide demand 
increased lately due to its potential impact on energy, environmental and cost. Consequently, 
new oxygen production technology needs to be investigated to replace the old production 
technologies such as cryogenic distillation and pressure swing adsorption. Oxygen transport 
membrane (OTM) has drawn the attention of researchers due to the possible impact on energy 
and the environment and other applications. The OTM can be integrated with several industrial 
applications such as solid oxide fuel cell, membrane reactors, and other air separation needs. 
2.2.1 Integrated OTM in fuel cell 
The solid oxide fuel cell (SOFC) is a high temperature electrochemical device to 
efficiently convert chemical energy into electricity with low emission and a broad range of fuels. 
The (SOFC) made from two materials which are applied to make four distinct layers, the 
electrolyte, interconnect, the anode and the cathode layers. The electrolyte is a ceramic ionic 
conductor, the interconnect is ceramic electronic conductor while both cathode and anode are 
manufactured from a combination of ionic and electronic ceramic materials. The operation of the 
solid oxide fuel cell set off when the cathode reacts with incoming air and oxygen molecular is 
generated due to electrons transferred from the anode. Fuel is fed to the anode and oxidized by 
the oxygen ions that diffused from the cathode through the electrolyte, the interconnector is 
another important component of SOFC, because it separates the anode and the cathode into two 
gas chambers to avoid the direct mixing of fuel and air. The efficiency of the SOFC is higher 
than 80% compared to the conventional combustion power generation [50-53]. 
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2.2.2 Integrated OTM in chemical reaction 
The integration of oxygen transport membranes (OTM) with the chemical reaction 
process in a single unit reactor has been considered, due to the huge advantages they provide. 
The catalytic membrane reactor (CMR) offers (i) lower air separation cost and energy 
consumption, (ii) chemical reaction stability and safety due to removal of one or more products 
through the membrane, which achieved higher conversion and yield and (iii) the gradual 
introduction of oxygen will provide partial oxidation and prevent further oxidation. The critical 
issue on such technology is to achieve high membrane stability under high temperature and 
pressure. There are several examples of the integrated oxygen membrane of the chemical 
reaction as follows: 
(I) Partial oxidation of methane (POM) to produce syngas according to the following 
reaction [54]:  
𝐶𝐻4 + 0.5𝑂2 → 𝐶𝑂 + 2𝐻2, 𝛥𝐻298
° = −35.7𝐾𝐽/𝑚𝑜𝑙   
The membrane materials used in the POM process must be chemically stable for a long time at 
extreme operating condition under reducing hydrogen, carbon monoxide at the oxygen 
permeation side, show mechanical strength and design membrane reactor with the new 
configuration, such as multichannel hollow fiber membrane reactor, that show good mechanical 
strength and a high oxygen permeation flux along with excellent reaction performance. [55] 
investigated the reaction performance of the perovskite tubular shape Ba0.5Sr0.5Co0.8Fe0.2O3-
δ with LiLaNiO/γ-Al2O3 catalyst membrane as a function of temperature, air flow, and methane 
concentration. The results show good stability after 500h with higher than 8ml cm-2 min-1 oxygen 
permeation flux, 94% pure methane conversion and higher than 95% carbon monoxide 
selectivity.   
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(II) Oxidation reforming of methane to syngas, that can be executed by steam reforming 
and carbon dioxide by the following reactions [54, 56]: 
 𝐶𝐻4 + 𝐻2𝑂 → 𝐶𝑂 + 3𝐻2, 𝛥𝐻298
° = 206𝐾𝐽/𝑚𝑜𝑙 
 𝐶𝐻4 + 𝐶𝑂2 → 2𝐶𝑂 + 2𝐻2, 𝛥𝐻298
° = 247.3𝐾𝐽/𝑚𝑜𝑙 
In the conventional steam reforming technology reaction required high temperature and due to 
the endothermic process, therefore 80% conversion of methane at 850°C is achieved. Using a 
membrane reactor will reduce operative conduction, increase methane conversion and higher 
hydrogen recovery. Carbon dioxide reforming of methane was studied with ceramic membrane 
SrFeCo0.5Ox and powder catalyst Pt/ZrO2. The result showed a more than three times higher 
conversion with membrane than with any amount of co-fed oxygen [57]. 
 (III) Oxidation reforming of liquid heptane fuel to carbon monoxide and hydrogen 
mixture as shown in the reaction below: 
 𝐶7𝐻16 + 3.5𝑂2 → 7𝐶𝑂 + 8𝐻2 
Oxidation reformation of heptane through dense oxygen permeable membrane 
Ba0.5Sr0.5Co0.8Fe0.2O3 was reported with catalyst LiLaNiO/γ-Al2O3 [58]. The membrane exhibited 
an oxygen permeation flux of around 11.5 ml cm-2 min-1 and the reaction took place at 850oC. 
100% heptane conversion was achieved along with carbon monoxide selectivity of 91-93%. 
 (IV) Oxidative coupling of methane (OCM) is a process that converts natural gas, which 
is 95% methane over a catalyst at a higher temperature in a form C2 products (ethane and 
ethylene) as the following reaction [54]: 
 2𝐶𝐻4 + 𝑂2 → 𝐶2𝐻4 + 2𝐻2𝑂, 𝛥𝐻298
° = −218.8𝐾𝐽/𝑚𝑜𝑙 
 2𝐶𝐻4 + 0.5𝑂2 → 𝐶2𝐻6 + 𝐻2𝑂, 𝛥𝐻298
° = −176.9𝐾𝐽/𝑚𝑜𝑙 
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Due to failure to achieve higher C2 yield through direct reaction, membrane reactors have the 
potential to increase the selectivity and yield, reduce power consumption, improving operational 
safety and cut the capital cost by minimizing the reactor system. Akin_et_al [59] investigated 
dead end tubular Bi1.5Y0.3Sm0.2O3 fluorite membrane in a temperature range between 870-930
oC 
using different feed techniques. The result indicated that yield achieved from oxidative coupling 
of methane was 35% at a C2 selectivity of 54% at 900°C. At the same C2 yield, the membrane 
reactor model gives C2 selectivity of over 200% higher with very low methane partial pressure.  
 (V) Oxidative dehydrogenation (ODH) of alkanes for producing ethylene and propylene 
by means the oxidative dehydrogenation of ethane and propane have also been conducted using 
membrane technologies.  ODH can be represented by the following reaction: 
 𝐶2𝐻6 + 0.5𝑂2 → 𝐶2𝐻4 + 𝐻2𝑂 
 𝐶3𝐻8 + 0.5𝑂2 → 𝐶3𝐻6 + 𝐻2𝑂 
Ethylene is an important precursor for several industries, and it is produced by steam cracking of 
ethane, which is highly endothermic reaction.  The use of a membrane reactor reduces the energy 
demand for the process. Pilar Lobera [60]studied the high ethylene production from ethane 
through the membrane Ba0.5Sr0.5Co0.8Fe0.2O2-δ reactor with respect to the oxygen concentration in 
the reaction side and using Argon and methane as inert dilutants to improved reaction stability. 
Higher ethylene selectivity was achieved at 850°C were 383 mLmin-1cm-2 for Ar and 353 
mLmin-1cm-2 for CH4, with the selectivity of 80 and 90% respectively. It is believed that the use 
of a catalytic coating on the MIEC membrane will improve ethylene production. 
 (VI) Another process of significance to the use of membranes is the selective oxidation of 
ammonia to produce nitrogen oxides, as the following reactions: 
  2𝑁𝐻3 + 2.5𝑂2 → 2𝑁𝑂 + 3𝐻2𝑂 
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             2𝑁𝐻3 + 3.5𝑂2 → 2𝑁𝑂2 + 3𝐻2𝑂 
NO production is an important intermediate in the production of nitric acid.   The typical reaction 
yields 94-96% NO and 4-6%, by-product (N2O and N2) at 1073-1223K with a platinum-based 
catalyst. The process is expensive due to loss of the catalyst metal and the ascendancy of the by-
product gas N2O which is environmentally harmful. The use of perovskite membrane such as 
La1--xAxFeO3--δ (A=Ca, Sr; x=0.1-0.2) and Ba0.5Sr0.5Co0.8Fe0.2O3-δ showed higher selectivity and 
no N2O emission [61, 62]. 
 (VII) The coupling reaction with water splitting is considered as an extractor reaction 
configuration where the membrane is utilized to selectively remove a product from the reaction 
zone [63-65]. As the show in the following reaction: 
 𝐻2𝑂 ↔ 𝐻2 + 0.5𝑂2, 𝛥𝐻298
° = −241.8𝐾𝐽/𝑚𝑜𝑙 
Hydrogen production with high purity and sustainable energy is gaining huge attention due to 
hydrogen used as alternative energy resources. Hydrogen production from water is still 
challenging due to the low equilibrium constant at 950°C. Using MIEC at a moderate 
temperature will shift the equilibrium constant toward dissociation by removing either oxygen or 
hydrogen instantaneously [50].  Li_et_al [66] investigated water splitting technology through the 
MIEC oxygen permeable membrane. The reactor was equipped with 0.5-mm-thick 
Ba0.98Ce0.05Fe0.95O3-δ membrane. When steam is fed to one side and a low purity hydrogen gas 
fed to the other side. Oxygen from the steam side permeates through the membrane to react with 
low hydrogen purity, leaving the steam side after condensation and drying with higher hydrogen 
purity only.  A higher hydrogen separation rate achieved 13.5 mLCm-2min-1 at 950oC. 
 (IIX) Thermal decomposition of carbon dioxide coupling with partial oxidation of 
methane, which also considers as extractor type membrane reaction is shown below: 
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 𝐶𝑂2 ↔ 𝐶𝑂 + 0.5𝑂2, 𝛥𝐻298
° = 283𝐾𝐽/𝑚𝑜𝑙 
One of the technologies is decomposing carbon dioxide to oxygen which is used in several 
industries and carbon monoxide which also consider a raw material in the synthesis of a 
chemical product. One drawback of such technology is a highly endothermic reaction with a 
huge energy penalty. Jin_et_al [67] proposed coupling thermal decomposition of carbon dioxide 
with partial oxidation of methane into syngas through a dense mixed-conducting membrane 
reactor. The membrane used is SrCo0.4Fe0.5Zr0.1O3-δ at 1173K and the effect of temperature and 
feed flow of CO2 and CH4 were considered. The reaction of CO2 decomposition took place on 
one side of the membrane and the POM reaction occurred on the other side of the membrane 
simultaneously. The results indicate a CO2 conversion about 11/1% and CH4 conversion, CO 
selectivity, and the ration of H2/CO were 84.5%, 93% and 1.8 respectively. 
 (IX) Coupling the reaction with NOx decomposition into nitrogen and oxygen as shown 
in the reaction below: 
  𝑁𝑂 ↔ 0.5𝑁2 + 𝑂
∗, 𝛥𝐻298
° = 144𝐾𝐽/𝑚𝑜𝑙 
  𝑁2𝑂 ↔ 𝑁2 + 𝑂
∗, 𝛥𝐻298
° = 128𝐾𝐽/𝑚𝑜𝑙 
The nitrogen oxides are considered major air pollutants generated from any combustion 
processes. The direct decomposition of NO on perovskite is suffering from inhibited and thus, 
decreases NO conversion. To overcome such problem oxygen can be adsorbed by the membrane 
and removed from the reaction. Jaiang [68] developed a novel perovskite hollow fiber membrane 
BaCoxFeyZr1-xO3-δ for NO decomposition, where a complete NO conversion with around 95% N2 
yield and 3% coexisting O2 in the feed was achieved. 
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2.2.3 Integrated OTM in power production  
Oxygen separation from the air is the future technology through a ceramic-bases 
membranes, the oxygen demand is expanding more than 100 million tons of oxygen are 
produced every year and the demand expected to increase due to numerous applications in every 
industrial sector around the world [69]. Oxyfuel combustion is a process to burn hydrocarbons 
fuel using oxygen instead of air, which produce flue gas mainly contain H2O and CO2, thus 
eliminate the presence of nitrogen in the flue gas and avoid the formation of NOx. The CO2 can 
easily separate from H2O and captured, where can be liquefied or sequestrated. In addition, the 
energy input to the system will be less because there is no need to heat the nitrogen gas, which is 
about 80% of air to combustion temperature. The cryogenic method is now used to provide the 
oxygen required for the oxyfuel power unit, which is energy intensive, the energy demand for 
oxygen production is about 240KWh/tO2 resulting in an overall efficiency drop of the power 
plant by 8-10%-point [70].  
Oxygen transport membranes (OTM) are integrated to power units and can be used to 
supply the oxygen required for the combustion by heating the membrane to the temperature 
about 800°C and applying a partial oxygen pressure difference across the membrane. The energy 
requirement for oxygen separation through the membrane is 147KWh/tO2 compared to 
240KWh/tO2 for cryogenic air separation, therefore the total efficiency drops in power plant 
operated with oxygen membrane transport integration, including CO2 compression by about 
5.3%-points [71, 72]. OTM can be integrated and operated in the oxyfuel combustion process 
either in three-end or four-end mode. In the three-end mode, oxygen is extracted from the 
membrane by increasing the feed pressure or by a vacuum pump as shown in figure (2.5.a), 
while in the four-end mode, the flue gas is recycled and used as a sweep gas on membrane 
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oxygen permeation side as in figure(2.5.b) [73-76]. The membrane materials integrated with 
power production need to be chemically stable and maintain high oxygen permeability in the 
presence of CO2 and other gases. Therefore, the three-end mode is more feasible to apply 
because there is no direct contact between the flue gas and membrane materials. 
 
Figure (2.5) Schematic of membrane for oxygen separation in oxyfuel processes using (a) three-
end concept (b) four-end concept [72] 
Griffin [77] proposed advance zero emissions gas turbine power plant cycle (AZEP), 
where the ordinary gas turbine combustion chamber is replaced with a mixed conductive 
membrane reactor, which includes a combustor, air preheater, oxygen separation membrane, and 
heat exchanger. Air is compressed in the gas compressor to 20 bar and around 450°C, then the 
compressed air is preheated to about 900-1100°C.  It is then passed through the oxygen transport 
membrane. Preheating the air helps in increasing the permeability of the oxygen membrane and 
reduce the required membrane area. Natural gas is burned with nitrogen-free environment in the 
combustor and the flue gas is fed to power generation turbine, part of flue gas is recirculated into 
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the reactor to preheat air enters the membrane as shown in figure (2.6). The design of the MIEC 
membrane reactor and the heat exchanges are based on monolithic structure (honeycombs) with 
a high surface to volume ration and low pressure drop. The membrane material needs to 
withstand the combustion temperature of 1300°C also carbon dioxide resistance, which is 
difficult in the current available materials [69].  
Figure (2.6) AZEP cycle work package [77] 
[78] studied the economic performance of the AZEP combined cycle with ordinary 
different size combined cycles. The result shown uncertainties in mixed conducting membrane 
reactor cost and the life expectancy of mixed conducting membrane reactor do not have a big 
influence on the cost of electricity. 
Yantovski suggested a zero emission ion transport membrane oxygen power (ZEITMOP) 
cycle shown in figure (2.7), where the ion transport membrane (ITM) reactor is separated from the 
combustion chamber, to overcome the destabilization of the membrane material due to exposure 
to higher temperatures. In addition, this also results in attainment of higher efficiencies by the gas 
turbine when the combustion process occurs at the highest pressure and temperature. The cycle 
efficiency is claimed as 46% due to the limitation of inlet gas temperature to the gas turbine to 
1300°C.  The efficiency will be increased to 56% if the inlet temperature is increased to 1500°C.  
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Therefore, the turbine technology is the limiting step and not the ITM reactor [79]. The proposed 
configuration of the cycle requires an oxygen ion transport membrane air separation unit operating 
at 920°C that produces a mixture of carbon dioxide and oxygen and a separate combustion chamber 
operating at 1400°C. If oxygen is consumed by a chemical reaction on the permeate side of an 
oxygen transport membrane, the oxygen flux is larger, so the air separation unit can be physically 
smaller. In addition, if this reaction is exothermic, the air separation unit is heated by the reaction, 
requiring no additional heating. The ZEITMOP cycle is not commercialized yet, therefore further 
investigation to optimize the cycle will help to increase cycle efficiency.  In addition, all types of 
fossil fuels are suitable for this cycle and is expected to attract more attention to this cycle to 
produce power in zero CO2 emission fossil fuel power plant.  
 
Figure (2.7) ZEITMOP power cycle with separate combustion and ITM reactor. Legend:1-air 
compressor, 2-synchronous electrical machine, 2-electric generation, 3-heat exchanger,4-IYM 
reactor, 5-depleted air turbine, 6-CO2+H2O turbine, 7-combustor, 8-fuel gas compressor, 9-CO2-
turbine, 10-recuperator, 11-CO2 compressor, 12-water separator, 13-cooling tower. Symbols 1-
25 showing nodes point on the cycle [80] 
 
OTMs can replace the air separation unit (ASU) that work with cryogenic distillation or 
other oxygen production technology in the integrated gasification combined cycle (IGCC) power 
plant. The conventional IGCC contains four major units including the coal gasification unit to 
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generate syngas, the air separation unit (ASU) to provide high purity oxygen, the 
quenching/scrubbing process to remove pollutants, and the combined cycle for power generation. 
The cryogenic distillation process consumes about 10-20% of the total power output and 70% of 
the auxiliary power consumption [81], therefore using ion transfer membrane will increase the 
cycle efficiency. Han reported 1% and 0.6% higher net efficiency when ITM technology is used 
in ASU for IGCC cycle.  In addition, ITM ASU is beneficial to increase steam turbine output and 
reduce the energy penalty of the ASU. 
2.3 Oxygen pickup and release 
There are many factors that affect the oxygen transport through the membrane as 
discussed previously.  The reaction of oxygen on the feed side of the membrane or the permeate 
side fluid often controls the rate for a thin membrane [11]. Applying a coating layer on the faces 
of the membrane is one solution to increase the rate of these reactions and improve the stability 
of the membrane reactor. Hence, picking out the right materials that can behave as an oxygen 
carrier is a vital measure in the procedure. Oxygen carrier materials are extensively analyzed and 
is dependent on many of the same desired properties as in chemical looping combustion (CLC). 
CLC offers power production and CO2 capture via separation of air and fuel using the 
intermediate oxygen carrier that is oxidized by air in the air reactor and reduced with the fuel in 
the fuel reactor.  A successful operation of the chemical looping process depends on the oxygen 
carrier characteristics, such as oxygen transport capacity, a high reaction rate with the fuel, 
complete fuel conversion to CO2 and H2O, long term recyclability and durability, mechanical 
strength, suitable heat capacity and high melting points, lower cost and have no health and 
environmental impact [13]. Among various metals Ni, Fe, Cu, Mn, and Co- based materials are 
used as oxygen carriers These materials exhibit strong oxidation potentials and can be used for 
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full or partial fuel oxidation.  They, however, present some disadvantages such as low reactivity 
with different fuel types and oxygen transport capacity limitation of Fe and Mn, low melting 
points and high agglomeration tendency of Cu, as well as a higher cost and environmental effect 
of Ni and Co [82]. 
Ni-based oxygen carriers exhibit higher reactivivity and very good performance when 
working at high temperature (900-11000C).  Complete methane conversion is achieved during 
the CLC process, although thermodynamic restrictions result in a small presence of CO and H2 in 
the gas outlet of the fuel reactor [83]. Ni oxide is expensive and easily deactivated by sulphur 
from the fuel.  Therefore, it is not suitable with solid fuel such as coal [84]. In addition, the use 
of Ni oxide requires more safety measures because of its toxicity. NiO is the only oxide state for 
Ni-based particles, which show low porosity, therefore NiO particles have a low reaction rate 
[85, 86]. Improved Ni-based oxygen carrier materials are required to tackle these drawbacks for 
further application.  Adding different compounds as supporting materials and different methods 
to prepare the Ni-based oxygen carriers impact the reactivity, regeneration, agglomeration and 
mechanical strength of the particles [87-89].  
Copper is another material that has been investigated as an oxygen carrier in the CLC. 
Copper showed high reaction rates and very good oxygen transport capacity, and contrary to Ni, 
it has no thermodynamic restrictions for complete fuel conversion to CO2 and H2O. Copper has 
flexible redox behavior between the oxidizer state CuO and reduced Cu or Cu2O state. In 
addition, copper is cheaper and causes less environmental problems compared to other materials 
such as Ni and Co used in CLC. There are two drawbacks of Cu-based materials that limit the 
use of Cu as an oxygen carrier.  The first is attrition due to weakness in mechanical strength 
when the number of redox cycles is increased.  The second is agglomeration as a result of the 
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low melting point of Cu (1085oC), which limit the fuel reactor operation temperature to (800oC), 
to avoid melting problem [90, 91]. To improve the oxide performance different compounds are 
added as support materials (Al2O3, MgO, SiO2 TiO2 and ZrO2).  The resulting compound 
exhibits excellent chemical stability and maintain mechanical strength after multicycle 
operations [92].  
Another interesting material has been investigated is manganese because this metal has 
various oxidation states, including MnO2, Mn2O3, Mn3O4 and MnO.  It is cheap, has good 
oxygen transport capacity and is non-toxic. Only Mn3O4 and MnO can be consider for CLC 
because they are thermodynamically and chemically stable under a higher temperature while 
other oxides state decompose around 500oC. The use of pure Mn-based as OC shows low 
reactivity with methane or coal [93, 94]. Therefore, several compounds such as bentonite and 
ZrO2 are stabilized with the addition of MgO, CaO or CeO2.  The materials showed high 
reactivity, limited physical changes and lower agglomeration [95, 96]. Abad [97] studied Mn-
based stabilized zirconia in a continuous operating laboratory CLC unit, where methane and 
syngas were used as fuel in the fuel reactor. The thermal power was between 100 and 300W. The 
result showed lower reactivity with methane because methane was detected in the exit flue gases, 
while it achieved a complete conversion with syngas. Combustion efficiency ranged between 
0.88 to 0.99.  Efficiency increased temperature and decreased with fuel flow rate. In contrast, 
using supports such as SiO2, TiO2, Al2O3 or MgAl2O4 form stable and unreactive materials 
resulting in inhibiting reactivity, thereby making them unsuitable as oxygen carriers [98-100]. 
Cobalt oxide was considered as a possible oxygen-carrier material due to its high 
reactivity and oxygen transport capacity.  However, they suffer from high cost and 
environmental problems. Most cobalt common oxide, stable state CoO, and Co3O4, but only the 
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loop between CoO and Co are considered during the redox operation in CLC applications. CoO 
is thermodynamically stabile at all temperatures, while Co3O4 is not stable at 900
oC, and 
converted into CoO [83]. Even when CoO and Co is used in CLC applications, a maximum 
conversion of 95 to 97% of H2 and 89 to 97 % for CO is achieved in the temperature range 800-
1200oC.  Therefore, Co-based materials have attracted little attention. Cobalt reacts strongly with 
the inert supports such as Al2O3, TiO2 and MgO to form unreactive materials CoAl2O4, CoTiO3, 
and Mg0.4Co0.6O which result in almost complete loss of reactivity [99, 101]. In contrast, the Co-
based oxygen carrier with YSZ (yttria-stabilized zirconia) as support was found to exhibit good 
reactivity and high resistance to carbon formation in CLC applications [101]. 
Iron based materials are commonly used as an oxygen carrier in chemical looping 
applications, despite their low reactivity and low oxygen transport capacity. They are still a good 
option due to their low price, high mechanical strength, high melting point, no tendency for 
carbon or sulfur deposition, making them promising candidates with all chemical looping 
applications involving carbon and sulfur containing fuel and is environmentally friendly [102, 
103]. Furthermore, iron oxide presents the highest oxygen storage capacity from CO2 (0.7 mol 
CO2/mol Fe) over a wide range of operating temperatures (600 to 1800
oC) [104]. Fe-based OC 
has different oxidation states (Fe, FeO, Fe3O4, Fe2O3), but only Fe2O3 to Fe3O4 are considered 
for CLC industrial applications due to thermodynamic limitations. In addition, a further 
reduction to FeO or Fe would decrease the CO2 purity in the fuel reactor and increase the 
concentration of CO [105]. A variety of supports such as Al2O3, MgAl2O3, SiO2, TiO2 , and Zr-
based, etc. have been used to increase oxygen transport and reactivity. Al2O3 is the most 
common support used and provides a positive effect on the oxygen transport capacity due to 
formation FeAl2O4. The drawback of Fe-based materials is the relatively low reactivity toward 
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gaseous fuels and the agglomeration related to magnetite formation. Therefore, developing new 
generation Fe-based OC needs to focus on solving these issues.  
Figure (2.8) compares key information for traditional oxygen carrier materials, where (a) 
represent a comparison of Ni, Fe, Cu, Mn and Co-based oxygen carriers in the term of oxygen 
transport capacity, (b) melting point and (c) cost, reactivity, agglomeration and attrition 
resistance. 
Figure (2.8 a,b and c) Comparison among tradition oxygen carrier [102] 
In addition to the traditional oxygen carrier materials, mixed oxides and perovskite 
materials are considered as oxygen carriers to provide more beneficial properties than those 
individual metal oxides. Mixed metal oxides are prepared to overcome the drawback of these 
individual metal oxides and improve reactivity, oxygen transport capacity, stability, mechanical 
strength, attention rate, conversion of the fuel gas and carbon deposition [106-108]. Other 
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complex metal oxide with perovskite structure had been investigated to be used as oxygen 
carriers. Ryden [109] investigated LaxSr1-xFeyCo1-yO3-δ perovskites by reduction with CH4 and 
oxidation with air in a fixed-bed quartz reactor at 900oC, with additional three oxygen carriers 
based on NiO, Fe2O3 and Mn3O4. LaxSr1-xFeyCo1-yO3-δ perovskites were found to have the 
potential to be used for CLC applications due to the high conversion of CH4 into H2O and CO.  It 
does not seem to provide any obvious advantages compared to proven metal oxide materials. 
2.4 Molten oxygen carriers 
Molten metal oxides were proposed to be used in chemical looping combustion or 
gasification applications to avoid challenges face regular solid metal oxides, such as 
agglomeration, attrition, structural change due to redox cycles and erosion. In addition, solid 
metal oxide particles limit the system operating temperature to around 1000oC to avoid softening 
and damage if the particles. Thus, using molten metal oxide will offer higher operating 
temperature and and increase system efficiency. However, new challenges are associated with 
handling the molten metal oxides, selection of proper materials to withstand higher temperature 
and solidification of molten metal [8]. There are many metals, mostly in groups 3A through 6A, 
that exist in liquid form at the operating temperature [110]. Picking out the best candidates for 
molten metal oxygen carriers depends on different parameters such as melting point temperature, 
as well as the Gibbs free energy and reaction enthalpy. For example, some of the oxides requires 
much higher temperatures for melting: eg SnO at 1080°C with a second form SnO2 at 1630°C 
and chrome in the form of CrO3 197°C, Cr2O3 243.5°C and CrO 300°C [111]. In addition, 
solidification can happen since Cr2O3 has a higher melting point.  Similar challenges exist for  
SnO2. The solidification cause blockages and degrade performance. Gibbs energy plays a major 
role in the selection of the molten oxygen carrier. Rhodium oxide has a  positive Gibbs free 
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energy for both oxidation with air and reduction with graphite, which means that the reactions 
are unlikely to occur at a temperatures in the range 1100°C-1500°C.  Additionally, rhodium is 
both radioactive and a scarce element [111]. Therefore, these elements are excluded and not 
consider as candidates for the liquid molten oxygen carrier leaving materials such as lead, 
copper, antimony, and bismuth as possible materials to serve as molten oxygen carriers. Due to 
the toxicity of lead makes it less desirable metal.  Copper oxides, Cu2O and CuO have melting 
temperature are 1230°C and 1325.6°C respectively. Bismuth oxide, Bi2O3, melting temperature 
is 817°C.  These are relatively high melting point making them suitable to chemical looping 
combustion and other application [111, 112]. Antimony and its oxide with a melting point of 
630°C and 656°C, respectively, is the primary focus of this work [113].  
The integrated system of oxygen transport membranes and molten metal oxides as an 
intermediate is limited and little research has been conducted directly on using a molten metal as 
an intermediate between the oxygen membrane and fuel. The solid oxide fuel cell (SOFC) that 
discussed earlier provide such integration where molten metal is served as intermediate between 
the cathode and anode, where at cathode the oxidation of the molten metal by air occurs and at 
the anode regeneration of the molten metal by reduction of the metal with fuel, occurs, allowing 
continuous operation. Antimony and antimony oxide have lower melting temperature, 903K and 
929K respectively, making antimony suitable as anode interface in SOFC. 
Jayakumar [114] investigated the direct utilization of carbonaceous fuel in SOFC with the 
molten Sb anode at 973K, where the Sb is oxidized resulting Sb2O3 being reduced by the fuel in 
a separate step as the following below: 
2𝑆𝑏 + 3𝑂−2 → 𝑆𝑏2𝑂3 + 6𝑒
−   
             𝑆𝑏2𝑂3 + 3/2𝐶 → 2𝑆𝑏 + 3/2𝐶𝑂2 
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The Sb2O3 reduction with four solid fuels which are sugar char, rice starch, Carbon black and 
graphite were studied and the data indicated that at approximately 850K Sb2O3 begins to reduce 
with chars, while carbon black required higher temperature around 973K and graphite with lower 
reaction rates at 1073K. The cell achieved 300 mW cm-2 power density and 0.5V cell potential. 
The first case where no carbon is added stability of power for less than 1hr is achieved due to the 
conversion of 10% of Sb to Sb2O3 which increase cell resistance and drop the power density, 
while 12h cell performance remains stable until all of the fuel has been consumed. This proved 
that the Sb2O3 formed at the electrolyte interface was being reduced by carbon. The result 
demonstrates that a fuel cell based on Sb-Sb2O3 redox provides good performance while 
operating at 973K, and the cell stability depends on the thickness of the Sb and Sb2O3 film. 
Furthermore, a broad range of fuel types with different impurity levels is accepted without 
affecting the high-power density.  
 Direct carbon fuel cells (DCFCs) are technology to convert solid carbon energy to 
electricity with higher thermodynamic efficiency.  This is an environmentally friendly 
technology since pure CO2 produced in the anode, where it can be collected and reused for 
industrial application or sequestered. The main challenge is utilizing the solid carbon fuels 
directly inside the fuel cells due to the difficulty in achieving enough physical contact between 
the solid fuel and electrode interface [115, 116]. The molten metal used as anode is a promising 
technology because it possesses the power to convey oxygen and has higher electrical 
conductivity.    
 Xu [113] studied the performance of DCFC that used Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) as a 
cathode, samaria-doped ceria (SDC) as the electrolyte, molten Sb-Sb2O3 as the anode and active 
carbon as solid fuel. 2g of antimony powder was packed in an alumina tube to form the molten 
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anode, with 0.5g of carbon on top. Nitrogen gas was added as protection gas. The resistance 
associated with the molten Sb-Sb2O3 electrode is only 0.026, 0.045 and 0.121 Ωcm-2 at 750, 700 
and 650oC, respectively, while the maximum power output reached 327, 268 and 222 mWcm-2 at 
the corresponding temperature. The power density of 512.5 mAcm-2, with the electrode area of 
0.28 cm2 of the DCFC cell, decreased after 22h, while theoretically must last to 40h until 
antimony and carbon are used up. This is due to the slow displacement of Sb2O3 by Sb without 
stirring. This laboratory scale system demonstrated high current densities with the possibility of 
direct solid carbon conversion and CO2 capture. 
Cao [117] investigated the performance of SOFC with liquid antimony anode 
numerically.  The one-dimensional model fuel cell is fabricated from 500µm smooth single 
crystal yttria-stabilized zirconia (YSZ) as the electrolyte, 1µm mixed conducting layer YSZ/Pt, 
7.5 mm liquid Sb anode and 14µm Pt cathode. The cell discharged at 0.3 V for 30,000 sec and 
operate at 800oC without providing any fuel or fresh metallic Sb, which mean the fuel cell 
studied under battery mode. The electrochemical reaction, mass transport and microstructure of 
the anode were considered, the model showed that at the end of discharging of 30,000 sec, only 
35% of metallic Sb is consumed and the insufficient Sb concentration in the anode will 
weakening the diffusion of metallic Sb. The model is a remarkable tool to describe the ongoing 
works of liquid Sb in the anode at SOFC and provide useful information to develop and 
optimized cell performance. 
Duan [118] illustrated tubular DCFC design that provided a structural advantage in cell 
sealing interconnection and refueling. The cell used biomass fuel, porous cocoanut active 
charcoal (SAC) and flaky pyrolyzed corn stretch (PCS).  The cathode is a LSCF-10GDC ceramic 
membrane supported by 8mol% Y2O3 stabilized ZrO2 (YSZ) and molten Sb is used as the anode. 
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Cell performance at different temperatures, 700, 750 and 800oC, as well as the influence of fuel 
properties on anode was studied. 5g of Sb and with and without 2g biomass were investigated. 
The result of the cell battery mode achieved in 700, 750 and 800oC for open circuit voltage 
(OCV) values 0.741, 0.712, and 0.690 V with maximum power density values 114, 196, and 304 
mWcm-2 respectively. In addition, the cell performance at 750 and 800oC under the current 
density of 0.4Acm-2 showed around 1.6h and 2.1h respectively, without carbon added, with CSC 
12h and 16h respectively and with PCS around 4h and 12h respectively. The performance of the 
cell depended on oxidation and reduction kinetics of molten antimony Therefore higher 
temperature resulted in higher performance, as well as the fuel utilization, its performance.  
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CHAPTER 3 
MATHEMATICAL MODEL 
3.1 Objective 
The objective of this research is to create a 2D simulation model for the novel 
oxycombustion system by integrating the OTM, oxycombustion, and LCLC in one reactor. 
Antimony oxides are used as a mediator that carries the oxygen from the OTM to the fuel site. 
The overall objective is to understand the temperature distribution inside the reactor to achieve 
the optimum reactor design. Different oxidation and reduction rates are taken under 
consideration with respect to different operating temperature. 
3.2 System schematic 
 The single reactor system adopted and used in this study is shown in figure (3.1). The 
oxygen is supplied after it is separated in the OTM, methane is supplied from two ports on the 
walls of the reactor. The total reactor height is 0.4 m and the diameter is 0.05m in order to gain a 
better understanding of the system, the reactor is divided into three zones; namely Sb, Sb2O3 and 
CO2 zones. Table (3.1) lists the total volumes for each zone. At t=0 sec Sb zone contains only 
liquid antimony, Sb2O3 zone have only liquid antimony trioxide and CO2 zone contain carbon 
dioxide gas. Due to the density difference between antimony and antimony trioxide, 6405 kg/m3 
and 5000 kg/m3, respectively, antimony will settle to the bottom of the reactor. At t >0 both 
oxygen and methane are supplied, and heterogeneous reactions will begin. The oxygen oxidizes 
Sb to form Sb2O3 in Sb zone.  This oxidation is an exothermic process. Furthermore, the 
heterogeneous reduction reaction occurs when CH4 reduces Sb2O3 to Sb in Sb2O3 zone, the 
reaction is endothermic.  The oxidation and reduction reactions are shown in the following 
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reaction equations (3.1) and (3.2). Liquid metals will naturally circulate in the reactor due to 
density differences. 
2𝑆𝑏(𝑙) + 1.5𝑂2(𝑔) → 𝑆𝑏2𝑂3(𝑙)           (3.1) 
(ΔHo950 k = -340.311 KJ/mol) 
 
 
1.334𝑆𝑏2𝑂3(𝑙) + 𝐶𝐻4(𝑔) → 2.667𝑆𝑏(𝑙) + 𝐶𝑂2(𝑔) + 2𝐻2𝑂(𝑔)       (3.2) 
(ΔHo950 k = 79.949 KJ/mol 
Figure (3.1) Reactor schematic diagram 
Table 3.1 Reactor zones volume 
Zone Volume (m3) 
Sb 2.5×10-3 
Sb2O3 2.5×10
-3 
CO2 1.5×10
-2 
Total 2.00×10-2 
3.3 Problem statement and formulation  
 A two-dimensional schematic diagram of the problem under consideration is illustrated in 
figure (3-1). Four different oxidation and reduction ratio are considered to evaluate the 
temperature profiles in each zone.  The reactor is also evaluated at three operation temperature, 
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namely, 950K, 1000K and 1050K. The minimum temperature, 950K, is considered to ensure 
both oxygen carriers are in liquid phase because the melting temperature for antimony and 
antimony trioxide are 903.7K and 929K respectively. The rest of the reactor is filled with CO2 to 
guarantee there will be no unwanted oxidation of the fuel. For the computational purpose, two 
phases are considered, the gas phase and liquid phase.  The gas phase is a mixture of O2, CH4, 
CO2 and H2O, where O2, and CH4 are supplied to the system and the rest are products of the 
reduction heterogeneous reaction. Sb and Sb2O3 are a liquid mixture and represent the liquid 
phase. The viscosity of liquids will determine the transfer rates of Sb and Sb2O3 from their point 
of formation of the predominant region of that species.  The impact of different ratios of liquids 
viscosity on reactor characteristics was also assessed. 
 Euler-Euler approach is considered, where gas and liquid phases are treated 
mathematically as interpenetration continua. The volume fractions (𝛼𝑞) of each phase are 
assumed to be a continuous function of space and time.  The volume fractions represent the 
space occupied by each gas and liquid phase, and the conservation laws are satisfied by each 
phase individually, the volume of phase (𝑉𝑞) can be calculated using equation (3.3) as shown: 
𝑉𝑞 = ∫ 𝛼𝑞𝑑𝑉𝑉                           (3.3) 
Where  
∑ 𝛼𝑞 = 1
𝑛
𝑞=1
 
The effective density, ?̂?𝑞 , of phase q is  
?̂?𝑞 = 𝛼𝑞𝜌𝑞 
and 𝜌𝑞 is the physical density of phases q. 
In this work, we have the following assumptions:  
(3.4)
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1. No mass transfer between gas and liquid phase. 
2. Temperature independent gas and liquid properties, except the specific heat of gas phase 
mixture. 
3. The fluids are incompressible, Newtonian fluid  
4. No-slip condition on the walls. 
5. Laminar flow model to describe gas and liquid phases. 
6. Only heterogeneous reaction takes place and there is no homogeneous reaction in the 
system. 
7. The system is adiabatic at the reactor walls. 
8. Reactor walls assumed as blackbodies with internal emissivity of 1. 
The above assumptions were applied to the Navier-Stokes and energy transport equations that 
govern the fluid motion and temperature distribution inside the reactor. 
3.3.1 Continuity equation: 
The continuity equation for gas and liquid phases are giving by  
𝜕
𝜕𝑡
(𝛼𝑔𝜌𝑔) + 𝛻(𝛼𝑔𝜌𝑔?⃗?𝑔) = 0             (3.5) 
𝜕
𝜕𝑡
(𝛼𝑙𝜌𝑙) + 𝛻(𝛼𝑙𝜌𝑙?⃗?𝑙) = 0             (3.6) 
Where α, ρ and ?⃗? are the volume fraction, the density, and velocity, respectively. 
3.3.2 Momentum equations: 
The momentum equations for gas and liquid phase are given by: 
𝜕
𝜕𝑡
(𝛼𝑔𝜌𝑔?⃗?𝑔) + 𝛻(𝛼𝑔𝜌𝑔?⃗?𝑔?⃗?𝑔) = −𝛼𝑔𝛻𝑝 + 𝛻 ⋅ ?̄?𝑔 + 𝛼𝑔𝜌𝑔?⃗? + ?⃗?𝑙𝑔                       (3.7) 
𝜕
𝜕𝑡
(𝛼𝑙𝜌𝑙?⃗?𝑙)   + 𝛻(𝛼𝑙𝜌𝑙?⃗?𝑙?⃗?𝑙)  = −𝛼𝑙𝛻𝑝 + 𝛻 ⋅ ?̄?𝑙 + 𝛼𝑙𝜌𝑙?⃗? + ?⃗?𝑙𝑔                   (3.8) 
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where ?⃗?  is the gravity, ?̄?𝑞 phase stress-strain tensor, and ?⃗?  is the interaction force between the 
gas phase and liquid phase, which can be written in the following form: 
∑ ?⃗?𝑙𝑔 = ∑ ?⃗? lg(
𝑛
𝑝=1
𝑛
𝑝=1
?⃗?𝑙 − ?⃗?𝑔) 
The interphase momentum coefficient depends on the friction, pressure, cohesion and other effects 
therefore: 
?⃗?𝑙𝑔 = −?⃗?𝑔𝑙                        (3.10) 
?⃗? lg is the interphase momentum exchange coefficient 
?⃗? lg =
𝜌𝑙𝑔𝑓
6𝜏𝑙𝑔
𝑑𝐴𝑓                (3.11) 
𝜏𝑙𝑔 =
𝜌𝑙𝑔𝑑
2
18𝜇𝑙𝑔
                        (3.12) 
and  
𝜇𝑙𝑔 = 𝛼𝑙𝜇𝑙 + 𝛼𝑔𝜇𝑔                                  (3.13) 
𝜌𝑙𝑔 = 𝛼𝑙𝜌𝑔 + 𝛼𝑙𝜌𝑔                       (3.14) 
𝑅𝑒 =
𝜌𝑙𝑔|𝑣𝑙−𝑣𝑔|
𝜇𝑙𝑔
                        (3.15) 
𝑓 =
𝐶𝐷𝑅𝑒
24
                        (3.16) 
𝐶𝐷 = 24(1 + 0.15𝑅𝑒
0.687)/𝑅𝑒          (3.17) 
where  𝜇𝑙𝑔,  𝜌𝑙𝑔 and  𝜏𝑙𝑔  are the viscosity, density and shear stress calculated from volume 
averaged properties. 
The phase stress-strain tensor is expressed as  
𝜏?̅? = 𝛼𝑔𝜇𝑔(𝛻?⃗?𝑔 + 𝛻?⃗?𝑔
𝑇) + 𝛼𝑔 (𝜆𝑔 −
2
3
𝜇𝑔) 𝛻. ?⃗?𝑔𝐼                   (3.18) 
𝜏?̅? = 𝛼𝑙𝜇𝑙(𝛻?⃗?𝑙 + 𝛻?⃗?𝑙
𝑇) + 𝛼𝑙 (𝜆𝑙 −
2
3
𝜇𝑙) 𝛻. ?⃗?𝑙𝐼                   (3.19) 
(3.9)
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Here 𝜇𝑔, 𝜇𝑙 , 𝜆𝑔, 𝜆𝑙 are the shear and bulk viscosity of gas and liquid phase. 
3.3.4 Energy conservation equation: 
To descript the conservation of energy in Eulerian multiphase applications, a separate 
enthalpy equation can be written for each phase: 
𝜕
𝜕𝑡
(𝛼𝑔𝜌𝑔ℎ𝑔) + 𝛻 ⋅ (𝛼𝑔𝜌𝑔?⃗⃗?ℎ𝑔) = 𝛼𝑔
𝜕𝑃𝑔
𝜕𝑡
+ 𝜏?̅?: 𝛻?⃗⃗?𝑔 − 𝛻 ⋅ ?⃗?𝑔 + 𝑄𝑙𝑔 + 𝑆𝑔                (3.20) 
𝜕
𝜕𝑡
(𝛼𝑙𝜌𝑙ℎ𝑙) + 𝛻 ⋅ (𝛼𝑙𝜌𝑙 ?⃗⃗?ℎ𝑙) = 𝛼𝑙
𝜕𝑃𝑙
𝜕𝑡
+ ?̄?𝑙: 𝛻?⃗⃗?𝑙 − 𝛻 ⋅ ?⃗?𝑙 + 𝑄𝑔𝑙 + 𝑆𝑙                 (3.21) 
ℎ𝑔, ℎ𝑙  are the specific enthalpy gas and liquid phases, ?⃗?𝑔, ?⃗?𝑙 are the heat flux and 𝑄𝑙𝑔, 𝑄𝑔𝑙 are the 
intensity of the heat exchange between the gas and liquid phases. 𝑆𝑔,𝑆𝑙  are the heat source of 
chemical reaction and radiation in case radiation is considers for gas and liquid phases. 
Where  
𝑄𝑙𝑔 = −𝑄𝑔𝑙           (3.22) 
and 
𝑄𝑙𝑔 = ℎ̅𝑙𝑔𝐴𝑓(𝑇𝑙 − 𝑇𝑔)            (3.23)  
ℎ̅𝑙𝑔 = ℎ̅𝑔𝑙           (3.24) 
is the volumetric heat transfer coefficient between the liquid and the gas phase. 
ℎ̅𝑙𝑔 =
𝑘𝑔𝑁𝑢𝑔
𝑑
                       (3.25) 
Here 𝑘𝑔 is the thermal conductivity of gas phase, d is the bubble diameter. 
𝑁𝑢 = 2.0 + 0.15𝑅𝑒0.8𝑃𝑟0.5              (3.26) 
The interfacial area concentration is defined as the interfacial area between gas and liquid phases 
per unit mixture volume. 
𝐴𝑓 =
6𝛼(1−𝛼)
𝑑
           (3.27) 
The heat source of chemical reaction (𝑆𝑐) in gas and liquid phase can be calculated by 
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𝑆𝑐 = −∑
ℎ
∘
𝑖
𝑀𝑖
𝑖 𝑅𝑖           (3.28) 
Where ℎ
∘
𝑖 is the enthalpy of formation of species i, 𝑅𝑖 is the reaction rate of species i and 𝑀𝑖 is 
the molecular weight of species i in each gas and liquid phases. 
In the case where the radiation effect is considered the 𝑆𝑔, 𝑆𝑙 heat sources in the energy 
equation will equal the heat source from chemical reaction (𝑆𝑐) plus heat transfer due to radiation 
(𝑆𝑟), the radiation model was assumed to be gray radiation, which radiation incident is a function 
for temperature only as shown below: 
𝑞𝑟 = −
1
(3(𝑎+𝜎𝑠)−𝐶𝜎𝑠)
𝛻𝐺         (3.29) 
Where 𝑞𝑟, 𝑎 ,  𝜎𝑠, 𝛻𝐺 and C are radiation flux, absorption coefficient, scattering coefficient, 
incident radiation and the linear-anisotropic phase function coefficient respectively. C is a 
property of the fluid. It is assumed to be isotropic scattering, mean scattering is equally likely in 
all directions, which mean value is define a zero.  
𝛤 =
1
(3(𝑎+σs)−𝐶𝜎𝑠)
          (3.30) 
𝑞𝑟 = −𝛤𝛻𝐺           (3.31) 
The transport equation for G is  
𝛻. (𝛤𝛻𝐺) − 𝑎𝐺 + 4𝑎𝑛2𝜎𝑇4 = 𝑆𝑟        (3.32) 
Where n is refractive index of the medium, 𝜎 is the Stefan-Boltzmann constant and the (𝑆𝑟) is the 
radiation source which is equal  
−𝛻. 𝑞𝑟 = 𝑆𝑟 = 𝑎𝐺 − 4𝑎𝑛
2𝜎𝑇4        (3.33) 
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3.3.5 Species transport Equations 
The gas phase is assumed to be a mixture of 4 species, represented as follows: O2, CH4, 
CO2 and H2O. The liquid phase is a mixture of 2 species Sb and Sb2O3. In this work, the 
transport equations of species take the general form: 
𝜕
𝜕𝑡
(𝜌𝑔𝛼𝑔𝑌𝑔,𝑖) + 𝛻 ⋅ (𝜌𝑔𝛼𝑔?⃗?𝑔𝑌𝑔,𝑖) = −𝛻 ⋅ 𝛼𝑔𝐽𝑔,𝑖 + 𝛼𝑔𝑋𝑔,𝑖 + 𝐻𝑖     (3.34) 
𝜕
𝜕𝑡
(𝜌𝑙𝛼𝑙𝑌𝑙,𝑖) + 𝛻 ⋅ (𝜌𝑙𝛼𝑙?⃗?𝑙𝑌𝑙,𝑖) = −𝛻 ⋅ 𝛼𝑙𝐽𝑙,𝑖 + 𝛼𝑙𝑋𝑙,𝑖 + 𝐻𝑖     (3.35) 
Where 𝐽𝑔,𝑖 and 𝐽𝑙,𝑖 are the diffusion flux of species i in the gas and liquid mixture. 𝐻𝑖 is the 
heterogeneous reaction rate in species i. 𝑋𝑔,𝑖 and 𝑋𝑙,𝑖 are the mass source for gas and liquid 
phases. Diffusion flux for each phase is calculated as: 
𝐽𝑔,𝑖 = −𝜌𝑔𝐷𝑀,𝑖𝛻 ⋅ 𝑌𝑔,𝑖 − 𝐷𝑇 ,𝑖
𝛻𝑇
𝑇
        (3.36) 
 𝐽𝑙,𝑖 = −𝜌𝑙𝐷𝑀 ,𝑖 𝛻 ⋅ 𝑌𝑙,𝑖− 𝐷𝑇 ,𝑖
𝛻𝑇
𝑇
        (3.37) 
Here 𝐷𝑀 ,𝑖 is the mass diffusion coefficient for species i in the mixture, which set to 2.88×10
-5 
(m2/s) and 𝐷𝑇 is the thermal diffusion coefficient, which is neglected because the full 
multicomponent diffusion model is not considered. The mass sources for gas and liquid can be 
written as: 
𝑋𝑟𝑖 = −𝑅 ∑𝛾𝑗
𝑟
𝑟𝑖
𝑀𝑗
𝑟𝑖 
𝑋𝑝𝑖 = 𝑅 ∑𝛾𝑗
𝑝
𝑝𝑖
𝑀𝑗𝑝𝑖 
 
The mass source for gas and liquid is 
𝑋 = 𝑋𝑝𝑖 + 𝑋𝑟𝑖           (3.40) 
Where 𝛾 the stoichiometric coefficient, 𝑝𝑖 is represent the product, and 𝑟𝑖 represent the reactant. 
(3.38)
(3.39)
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3.3.6 Thermo-physical properties 
The thermo-physical properties of both gas mixture and liquid mixture are listed in Table 
(3.2). The properties such as density, thermal conductivity, heat capacity and viscosity for both 
gas and liquid phase’s mixture are evaluated based on the mass fraction of each mixture as 
shown in equation (3.41), (3.42), (3.43) and (3.44). Since a more realistic temperature field can 
be obtained by increasing the specific heat capacity for each species [119, 120] as the reactor 
temperature increases, therefore the specific heat of the gas phase mixture are set to be a 
polynomial function with temperature as shown in equation (3.45), the constants for each 
equation listed in the table (3.3).  
The temperature dependence of the thermal conductivity of liquid Sb and Sb2O3 are not 
available in the literature, and, therefore weighted average based on solid phase was employed.  
Similar mathematical treatment was applied for the estimation of Sb2O3 density and viscosity.   
 𝜌𝑚 =
1
∑
𝑌𝑖
𝜌𝑖
𝑖
           
 
𝑘𝑚 = ∑𝑌𝑖𝑘𝑖
𝑖
 
 
𝜇𝑚 = ∑𝑌𝑖𝜇𝑖
𝑖
 
 
𝐶𝑝𝑚 = ∑𝑌𝑖𝐶𝑝𝑖
𝑖
 
 
where 𝜌𝑚, 𝑘𝑚, 𝜇𝑚 and 𝐶𝑝𝑚 are mixture density, thermal conductivity, viscosity and heat 
capacity respectively, 𝑌𝑖 is mass fraction and (i) denoted to species. 
𝐶𝑝(𝑇) = 𝐴1 + 𝐴2𝑇 + 𝐴3𝑇
2 + 𝐴4𝑇
3 + 𝐴5𝑇
4 + 𝐴6𝑇
5 + 𝐴7𝑇
6    (3.45) 
(3.41)
(3.42)
(3.43)
(3.44)
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Table (3.2) Material thermo-physical properties 
Property O2 CH4 CO2 H2O Sb liquid 
Sb2O3 
liquid 
Density (kg/m3) 0.3848 0.3087 0.5292 0.2167 6405 5000 
Cp (J/kg.k) - - - - 257.764 517.0321 
Thermal 
conductivity 
(w/m.k) 
0.07155 0.08711 0.07049 0.09707 30 24 
Viscosity (kg/m.s) 4.91×10-5 1.97×10-5 4.13×10-5 3.76×10-5 1.19×10-3 1.19×10-3 
Molecular weight 
(kg/kmol) 
31.9988 16.04303 44.00995 18.01534 121.75 291.5 
Standard state 
Enthalpy (J/kmol) 
0 7.49×107 -3.94×108 2.42×108 1.75×107 7.09×108 
Standard state 
Entropy (J/kmol.k) 
205026.9 186040.1 213720.2 188696.4 62710 123009.6 
Reference 
Temperature (k) 
298.15 298.15 298.15 298.15 298.15 298.15 
L-J Characteristic 
length (angstrom) 
3.458 3.758 3.941 2.605 - - 
L-J Energy 
parameter (K) 
107.4 148.6 195.2 572.4 - - 
 
Table (3.3) Gas specific heat constant 
Cp 
constant  
O2 CH4 CO2 H2O 
A1 8.76317×10
2       2005 5.35446×102 1.93780×103 
A2 1.22828×10
-1 -6.81428×10-1 1.27867 -1.18077 
A3 5.58304×10
-4 7.08589×10-3 -5.46776×10-4 3.64357×10-3 
A4    -1.20247×10
-6   -4.71368×10-6 -2.38224×10-7 -2.86327×10-6 
A5 1.14741×10
-9 8.51317×10-10 1.89204×10-10 7.59578×10-10 
A6    -5.12377×10
-13 - - - 
A7 8.56597×10
-17 - - - 
     
3.4 Numerical procedures 
The numerical simulation was done using the CFD software FLUENT 19.1, utilizing 
multiphase Eulerian transient flow with two heterogeneous reactions, oxidation and reduction. 
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The pressure based solution is selected, which is recommended for incompressible flow [121] 
where the pressure field is obtained by manipulating continuity and momentum equations. Fluent 
solved the governing integral equations (3.5), (3.6), (3.7), (3.8), (3.20), (3.21), (3.34) and (3.35) 
based on control-volume-based techniques. The domain is divided into discrete control volume 
and integration of the governing equations on the individual control volumes was employed to 
calculate the discrete dependent variable such as velocities, pressure, temperature and other 
conserved scalars. The coupled algorithm is used to solve all equations for phase velocity 
corrections and shared pressure correction simultaneously, thus offer improved convergence, but 
required more memory compared with other methods [122]. The implicit scheme is considered 
over explicit for time discretization, due to the significant larger time steps that can be used 
without a decrease of simulation stability. Due to laminar flow and the mesh cell is quadrilateral 
the first order upwind accuracy spatial securitization is selected. Mesh refinement was applied 
for all the zones to achieve better mesh quality.  
A set of user-defined functions (UDFs) was written in C to calculate the heterogeneous 
reaction rate of oxidation and reduction, to describe the reactions in the system. These UDFs 
were compiled and linked to the code throughout the simulation runs. Convergence criteria to 
terminate iteration (𝑅𝜑) in this study is set as 10−4 for continuity equations, 10-3 for volume of 
fraction and 10−6 for the energy equation.  The default convergence criterion in FLUENT 
required that the global scaled residual be defined by the following equation: 
𝑅𝜑 =
∑ |∑ 𝑎𝑛𝑏𝜑𝑛𝑏+𝑏−𝑎𝑝𝜑𝑝|𝑛𝑏𝑐𝑒𝑙𝑙𝑠𝑃
∑ |𝑐𝑒𝑙𝑙𝑠𝑃 𝑎𝑝𝜑𝑝|
         (3.46) 
Here 𝜑𝑃 is general variable at a cell p, 𝑎𝑃 is the center coefficient, 𝑎𝑛𝑏 are the influence 
coefficients for the neighboring cells, and b is the contribution of the constant part of the source 
term Sc  [123] 
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To ensure grid independent result, three different grid sizes (N=3850 with total cell size 
2.3 mm, N=8778 with cell size 1.5mmm and N=20000 with cell size 1mm) were evaluated for 
discretization the computational domain. A grid size of N=3850 was selected to reduce the total 
time required for simulation for the same results as shown in figure (3.2a) and (3.2b). 
Furthermore, three different time steps (∆t=0.001, 0.0005 and 0.0001 sec) were tested for 
integrating time derivatives. A time step of 0.001 sec was found sufficient to keep solution 
independent, stable and save time in the simulation process as seen in figure (3.3a) and (3.3b). 
The under-relaxation factors for pressure, momentum, energy, and volume of fraction were 0.6, 
0.6, 0.95 and 0.5 respectively. 
(a)                                                                (b) 
Figure (3.2) Effect of grid size on (a) net gas temperature (b) net liquid temperature verses 
reaction time 
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       (a)      (b) 
Figure (3.3) Effect of time step on (a) net gas temperature (b) net liquid temperature verses 
reaction time  
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CHAPTER 4 
RESULT AND DISCUSSION 
4.1 Oxygen carrier selection 
The optimum temperature for gas turbine and heat recovery steam cycle is around 
1200oC, which consider a higher operating temperature for solid particles.  In order to avoid 
agglomeration and softening, solid particle is always operating at a  lower temperature  (1000oC) 
depending on the properties of metal is used [124]. This is considered a major hurdle for using 
solid particles in the CLC. Therefore, liquid metals may be used as an intermediate oxygen 
carrier instead of solid particles to overcome such a problem. Liquid metals have greater oxygen 
transferred between the oxidation and reduction in the liquid chemical looping reactors[111]. 
Such replacement will bring other challenging such as higher temperature operation system to 
maintain the liquid metal, therefore choosing the right metal plays a key role in this process. In 
this section, several metals and metal oxides, are investigated based on the thermodynamic 
potential using HSC chemistry 5.1 software to demonstrate the Gibbs free energy and enthalpy 
of reaction with respect to operating temperature. Table 4-1 contains data on the melting point, 
boiling point and density of Sb, Sb2O3, Pb, PbO, Cu, CuO, Fe2O3 and Fe3O4.  
Table (4.1) properties of antimony, lead, copper and Iron oxides 
Metal Melting point (K) Boiling point (K) Density (kg.m-3) 
Sb 904 1860 6684 
Sb2O3 928 1698 5580 
Pb 600.6 2022 11344 
PbO 1160 1808 9530 
Cu 1357.77 2835 8960 
CuO 1719 2270 6300 
Fe2O3 1838 Decompose 5240 
Fe3O4 1870 2896 5170 
The high melting temperature for Fe2O3 and Fe3O4 make the reactor operation expensive 
and the risk associated with handling molten liquid is higher than other metals. Cu and CuO have 
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a large difference between their melting points which may lead to metal oxide solidification. 
Therefore, Cu, CuO, Fe2O3, and Fe3O4 are preferred to be used as a solid oxygen carrier in the 
chemical looping process and be oxidized and reduced in separate reactors. The oxidation and 
reduction process are described in Equation (4.1), (4.2), (4.3) and (4.4). 
4𝐹𝑒3𝑂4(𝑠) + 𝑂2(𝑔) → 6𝐹𝑒2𝑂3(𝑠)       (4.1) 
12𝐹𝑒2𝑂3(𝑠) + 𝐶𝐻4(𝑔) → 8𝐹𝑒3𝑂4(𝑠) + 𝐶𝑂2(𝑔) + 2𝐻2𝑂(𝑔)   (4.2) 
2𝐶𝑢(𝑠) + 𝑂2(𝑔) → 2𝐶𝑢𝑂(𝑠)       (4.3) 
4𝐶𝑢𝑂(𝑠) + 𝐶𝐻4(𝑔) → 4𝐶𝑢(𝑠) + 𝐶𝑂2(𝑔) + 2𝐻2𝑂(𝑔)    (4.4) 
Both oxidation and reduction reactions have negative Gibbs free energy with respect to 
temperature, but the Gibbs free energy for oxidation reactions increases with temperature while 
those for reduction become more negative, as shown in Figure (4.1a) and (4.1b). The enthalpy 
change from oxidation and reduction are negative values, which mean exothermic reactions with 
a wide range of operating temperatures except for the reduction reaction shown in equation (4.2) 
where the reaction is endothermic as shown in figure (4.2a) and (4.2b).  
(a)                                                                  (b) 
Figure (4.1) Gibbs free energy with operating temperature (a) oxidation (b) reduction 
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(a)                                           (b)    
Figure (4.2) Enthalpy of reaction with operation temperature (a) oxidation reaction (b) reduction 
reaction 
 
Sb, Sb2O3, Pb, and PbO have lower melting points and higher boiling temperature, which 
make them suitable to the LCLC. Lead and lead oxide can be oxidized and reduced using 
methane gas in equilibrium as shown in equation (4.5) and (4.6). Meanwhile, figure (4.3a) and 
(4.3b) are the change in the Gibbs free energy and enthalpy due to the redox reactions of lead.  It 
is seen in the figures that negative Gibbs free energy for both oxidation and reduction and 
exothermic reactions for oxidation and reduction.  However, lead has a lower melting point 
compared to the lead oxide, which may lead to complications of oxide solidification.  The 
Another redox couple, Sn and SnO2 also have similar issues related to the wide difference 
between melting points of the metal and metal oxide. 
2𝑃𝑏(𝑙) + 𝑂2(𝑔) → 2𝑃𝑏𝑂(𝑙)        (4.5) 
4𝑃𝑏𝑂(𝑙) + 𝐶𝐻4(𝑔) → 4𝑃𝑏(𝑙) + 𝐶𝑂2(𝑔) + 2𝐻2𝑂(𝑔)    (4.6) 
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                            (a)                                                                       (b) 
Figure (4.3) Lead and lead oxide oxidation and reduction (a) Gibbs free energy (b) enthalpy of 
reaction with wide operation temperature 
 
Antimony and antimony trioxide have a good potential to serve over a wide temperature 
range as oxygen carrier due to lower and similar melting point for both Sb and Sb2O3. Antimony 
and antimony trioxide can be oxidized with pure oxygen and reduced using methane gas as 
shown in Equation (3.1) and (3.2).  Figure (4.4a) contains the plots of the Gibbs free energy 
change during the oxidation and reduction reactions with pure oxygen and methane, respectively.  
As observed in the figure, the Gibbs free energy for both reactions are negative over the 
temperature range is shown.  This means that both reactions are spontaneous for a wide range of 
temperature. Figure (4.4b) contains the plots of the change in enthalpy (∆H) for oxidation and 
reduction reactions.  In the case of the oxidation reaction, the change in enthalpy is negative 
throughout the selected temperature range, although it is found to increase with temperature. In 
the case of the reduction reaction with CH4, the reaction is endothermic and the change in 
enthalpy is found to decrease with temperature. As compared to the lead-based system, 
antimony-antimony trioxide redox system released a larger amount of heat. The energy balance 
released from the oxidation and reduction of Sb and Sb2O3 with 1kmol of CH4 and 1kmol of O2 
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is 425.85MJ at 950K Figure (4.5) show total energy balance with a wide range of operating 
temperature.  The higher net heat generation from the redox couple as well as the lower and 
closer melting points between the oxidative and reductive states, antimony-antimony trioxide 
redox couple is found to better suit liquid carrier-based looping. 
                     (a)                                                                                 (b) 
Figure (4.4) Antimony and antimony trioxide oxidation and reduction (a) Gibbs free energy (b) 
enthalpy of reaction with wide operation temperature 
 
 
Figure (4.5) Energy balance for antimony and antimony trioxide reaction 
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4.2 Oxidation and reduction effect based on experimental data  
According to the experimental date conducted by Sims [125], yttrium and zirconium co-
doped cerium oxide is a promising material as an oxygen transport membrane (OTM) with the 
potential to maximize the oxygen flux in future. Table (4.2) contains data on the oxygen flux 
through the membrane along with the maximum oxygen addition and removal rates from Sb and 
Sb2O3 metals obtained in a laboratory. These data were used during the simulation to determine 
and predict the temperature profile in the reactor. The reactor areas for oxygen pickup and 
release are 500cm2 and 400cm2,
 respectively. The total volumetric oxygen and methane flow rate 
enter the reactor were calculated to be 0.0195 m3/s.m2 and 0.0007247 m3/s.m2 respectively. 
Based on the condition of complete consumption of oxygen and methane in the reactor, the 
oxidation and reduction rate can be calculated and the ratio will be 21.02 as shown in the table 
(4.3).  
Table (4.2) Sims experimental data 
 
 
Table (4.3) Simulation data 
Inlet Volumetric flow 
(m3/m2.s) 
Area (m2) Molar flow rate 
(kmol/s) 
Ratio=O2 molar 
flow rate/CH4 
molar flow rate 
O2 inlet 0.0195 0.05 1.172625×10
-5  
21.02 CH4 inlet 1 0.0007247 0.02 2.7892×10
-7 
CH4 inlet 2 0.0007247 0.02 2.7892×10
-7 
Total CH4 inlet 0.0007247 0.04 5.5784×10
-7 
 
 
Max oxygen transport (Through Membrane; (mol/s.cm2) 3.67067×10-7 
Max oxygen Addition (To Sb; mol/s.cm2) 3.127×10-5 
Max oxygen Removal (From Sb2O3; mol/s.cm
2) 1.859×10-6 
57 
 
The initial temperature for liquid antimony and antimony trioxide are 950K which is the 
same temperature of gases enter the reactor. This temperature is selected because it is above the 
melting point of liquid metal and metal oxide and ensures no solidification occurs. The 
temperature in both gas and liquid phase with respect to time are shown in figures (4.6a) and 
(4.6b). According to the figures, the net temperature for both gas and liquid phase increases with 
respect to time. The temperature in Sb zone increases first due to the exothermic nature of the 
oxidation reaction.  Due to density differences, Sb2O3 start to rise upward to the adjacent zones 
until it reaches the Sb2O3 dominant zone. In the Sb2O3 zone, the endothermic reduction reaction 
produces cooler Sb which sinks downwards to lower zones.  The upward motion of Sb2O3 and 
the downward mobility of the Sb creates an internal circulation, which enhances the convective 
heat transfer between the zones along with the natural separation of the oxidized and reduced 
carrier. Figure (4.7) shows the temperature contours for the reactor zones in both gas and liquid 
phase. 
        (a)                             (b) 
Figure (4.6) Temperature distribution of gas and liquid phases in each reactor zone Sims 
case (a) gas phase (b) liquid phase 
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Figure (4.7) Temperature contour of gas and liquid phases in the reactor zones based on 
experimentally validated case [11] 
 
The Sb and Sb2O3 concentration also change with respect to time due to the oxidation and 
reduction process where Sb is forming in the Sb2O3 zone and Sb2O3 in the Sb zone. At t=0 Sb 
molar concentration in Sb zone is 52.608 kmol m-3s-1 and Sb2O3 molar concentration in Sb2O3 
zone is 17.154 kmol m-3s-1.  At t > 0, the concentration changes with time till t= 45sec.  Please 
note that the software cannot track each particle because they are mixed and particle tracking is 
not applied since it is a time expensive process. Thus, we are focusing more on the temperature 
profiles in each zone, the concentration for both Sb and Sb2O3 inside the reactor shown in figure 
(4.8).   
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Figure (4.8) Sb and Sb2O3 molar concentration with respect to time 
Volume fractions for each phase are shown in figure (4.9) where the gas occupied the 
CO2 zone and the liquid will mainly occupy the Sb and Sb2O3 zones. O2 and CH4 are entering 
these zones, but they will react completely to oxidize and reduce liquid metals. 
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Figure (4.9) Gas and liquid volume fraction with respect to time 
The mass fraction of O2 and CH4 distribution in the reactor is shown in figure (4.10) 
where all the inlet gases are consumed during the reaction and nothing will remain in the reactor. 
Figure (4.11) shows the mass fraction of CO2 and H2O.  The CO2 mass fraction value is 1 in the 
CO2 zone because this zone is full of the gas at t=0. This value decreases as the reaction 
progresses and more H2O vapor is released. The H2O vapor is not present in the reactor at t=0.  
However, its value increases with respect to time because of more H2O vapor released as a result 
of the reduction reaction in the Sb2O3 zone where the water vapor is produced and rises to CO2 
zone and tries to leave through the reactor outlet.  The mass fraction of H2O inside Sb and Sb2O3 
zones is calculated to be equal to 1. This does not happen in the real case.  The reason for this 
anomalous result is related to ANSYS FLUENT gas mixture species order. The order for the gas 
phase mixture in the current case under investigated is O2, CH4, CO2 and H2O, FLUENT 
0 sec 30 sec 45 sec 15 sec 60 sec 
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consider the last species in the list to be the bulk and the most abundant species.  This, along 
with the very low volume fraction of the gas phase in the Sb and Sb2O3 zone compared to CO2 
zone figure (4.9), caused FLUENT to represent all the regions that contain lower gas mass 
fraction with the abundant species which is H2O. Figure (4.12) shows the mole of H2O vapor in 
each zone, which is really close to zero for Sb and Sb2O3 and higher values at CO2 zone. 
 
Figure (4.10) O2 and CH4 mass fraction distribution with respect to time 
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Figure (4.11) CO2 and H2O mass fraction distribution with respect to time 
 
Figure (4.12) H2O mole value in each zone with respect to time 
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4.3 Oxidation and reduction ratio 
There were many technical limitations during the experiments conducted by Sims [11] 
that have a direct impact on the result obtained. The operating pressure on the membrane air side 
is limited to atmospheric, as well as the shape of the OTM was flat due to manufacturing 
limitations affected the oxygen fed to the reactor and the reaction rate for both oxidation and 
reduction. Using a different configuration, such as tubular or hollow fiber configuration will 
provide a much higher area per unit volume and allow for more contact between the air and 
oxygen carrier.  In addition, it will reduce the membrane system size remarkably [41, 126].  
Increasing the operating pressure and using different OTM configuration will dramatically 
increase the oxygen supply and will positively affect the redox rates for the integrated reactor. To 
overcome the limitation in the experimental results achieved by Sims [11] and to simulate such 
scenario, the oxidation rate was increased by 7.69 times in this study and reduction rate was 
increased by 20.69, 10.34 and 7.69 times that reported in the experimental work. Such an 
increase can be achieved by using higher operating pressure and different OTM configuration.  
In the current study, the temperature distributions in each zone for these cases are predicted.  The 
total ratios of oxygen molar flow to methane molar flow calculated based on these increased 
rates as compared to the experimental conditions were calculated to be 7.81, 15.62 and 21.02 as 
shown in Table (4.4).   
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Table (4.4) Volumetric and ratio of gas flow 
 
Case 
 
Inlet 
Volumetric 
flow 
(m3/m2.s) 
 
Area 
(m2) 
 
Molar flow 
rate (kmol/s) 
Increase 
ratio of 
molar flow 
rate 
compare to 
Sims case 
Ratio=O2 
molar flow 
rate/CH4 
molar flow 
rate 
 
Case 1 
O2 inlet 0.15 0.05 9.019088×10
-5 7.69  
7.81 CH4 inlet 1 0.015 0.02 5.7726×10
-6 20.69 
CH4 inlet 2 0.015 0.02 5.7726×10
-6 20.69 
Total CH4 inlet 0.015 0.04 1.15452×10
-5 20.69 
 
Case 2 
O2 inlet 0.15 0.05 9.019088×10
-5 7.69  
15.62 CH4 inlet 1 0.0075 0.02 2.8863×10
-6 10.34 
CH4 inlet 2 0.0075 0.02 2.8863×10
-6 10.34 
Total CH4 inlet 0.0075 0.04 5.7726×10
-6 10.34 
 
Case 3 
O2 inlet 0.15 0.05 9.019088×10
-5 7.69  
21.02 CH4 inlet 1 0.00557455 0.02 2.1453×10
-6 7.69 
CH4 inlet 2 0.00557455 0.02 2.1453×10
-6 7.69 
Total CH4 inlet 0.00557455 0.04 4.2906×10
-6 7.69 
 
For Case1, Case2 and Case3 with the different molar flow rate ratio 7.81, 15.62 and 
21.02 respectively at 950K operating temperature, the temperature distribution in each zone with 
time of reaction in both gas and liquid phase are predicted and the results are shown in figures 
(4.13a), (4.13b), (4.14a), (4.14b) and (4.15a), (4.15b). The net temperature and the temperature 
in each zone were observed to increase with time due to the exothermic reaction taking place 
inside the Sb zone where heat is generated and transfer to the other zone despite the endothermic 
reaction occurring in the Sb2O3 zone. If we compare the Case1, Case2 and Case3 with the 
experimental case, we notice that the reactor reaches a steady state temperature in about 8 sec in 
all phases while in the experimental case the steady state condition is not achieved in 60 sec.  
This is due to the relatively higher reaction rates as a result of higher feed rates more products 
are generated and recirculated inside the reactor, therefore, temperature steady state is shortly 
achieved compared to Sims case. 
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(a)      (b) 
Figure (4.13) Temperature distribution of gas and liquid phases in each reactor zone Case1 
at 950K temperature (a) gas phase (b) liquid phase 
                                                       
(a)      (b) 
Figure (4.14) Temperature distribution of gas and liquid phases in each reactor zone Case2 
at 950K temperature (a) gas phase (b) liquid phase 
 
 
 
 
 
 
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Case1
Sb Liquid
Sb2O3 Liquid
Co2 liquid
NET Liquid
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Case1
Sb Gas
Sb2O3 Gas
CO2 Gas
NET Gas
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
m
p
er
at
u
re
 (
K
)
Time sec
Case2
Sb Gas
Sb2O3 Gas
Co2 Gas
NET GAS
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Case2
Sb liquid
Sb2O3 liquid
Co2 liquid
NET Liquid
66 
 
(a)      (b) 
Figure (4.15) Temperature distribution of gas and liquid phases in each reactor zone Case 3 
at 950K temperature (a) gas phase (b) liquid phase 
 
The figures (4.16), (4.17) and (4.18) show the predicted gas and liquid phase temperature 
profiles contours for each case with respect to reaction time. The net temperature for both gas 
and liquid are higher for the Case3 as compared to other cases (Case1, Case2 and Sims case) 
from more oxidation and less reduction reaction take place inside the reactor as shown in figure 
(4.19) and (4.20). 
The heat released during the exothermic oxidation process drives the temperature 
difference.  It is significantly larger than the convective heat transfer.  As a result, the Sb zone 
liquid phase has a higher temperature compared to other areas inside the reactor as shown in 
figure (4.21a). If the intensity of heat exchange and the volumetric heat transfer coefficient 
between the two phases are equal, then the temperature profiles predicted are almost the same. 
Only the temperature of the gas phase in Sb2O3 zone has a higher temperature than the Sb zone in 
all simulated cases, despite the endothermic reaction nature taking place in this area as shown in 
figure (4.21b). Thus, due to higher convection rate inside Sb2O3 zone due to the higher Nusselt -
product form reduction reaction.  
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Figure (4.16) Temperature contour of gas and liquid of reactor zones Case1 at 950K 
 
Figure (4.17) Temperature contour of gas and liquid of reactor zones Case2 at 950K 
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Figure (4.18) Temperature contour of gas and liquid of reactor zones Case3 at 950K 
Figure (4.19) The net gas and liquid temperature comparison for all simulated cases at 950K 
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Figure (4.20) The net gas and liquid temperature comparison for all simulated cases at 950K 
(a)                                                                           (b) 
Figure (4.21) Temperature distribution for each reactor zone Case1 (a) liquid phase (b) gas 
phase 
 
The concentration of Sb and Sb2O3 inside the reactor are affected by the volumetric 
oxygen and methane rate entering the system.  Here more Sb2O3 is produced during the oxidation 
reactions and lower Sb is produced during the reduction when methane volumetric values are 
varied from Case1, Case2, Case3, and Sims case. Figure (4.22) shows the ration of Sb over 
Sb2O3 inside the reactor respect to time of reaction where less Sb is produced in Case3 
compared to Case1 with the higher volumetric flow of methane.  Similar trends are observed in 
the Sims case where the Sb production is lower than Sb2O3.  
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Figure (4.22) The concentration ratio of Sb and Sb2O3 inside the reactor during reaction time 
 
4.4 The effect of operating temperature 
Increasing the operating temperature in real life will help to increase the efficiency of 
OTM, which mean more oxygen flux will be achieved. On the other hands higher operation 
temperature reactor will be useful to utilize the heat and generate steam with higher quality. The 
same molar flow rate of oxygen and methane (Case1, Cse2, Case3 and Sims case) are being used 
but with higher operating temperature 1000K and 1050K. These cases are selected in addition to 
the first simulation at 950K, to predict and compare the temperature profile inside reactor zones. 
During the 60 second reactor simulation the temperature of each zone and for both phases in 
Case1, Case2 and Case3 are found to increase about 200K regardless of the operating 
temperature as shown in figure (4.23).  Increasing the oxidation rate by 7.69 with respect to the 
Sims case has a huge impact on the temperature profile in each case irrespective of the reduction 
rate, while the simulation using the experimental values showed a temperature increase of about 
26K only as shown in figure (4.24). 
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(a)      (b) 
(c)     (d) 
(e)      (f)  
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(g)      (h) 
Figure (4.23) The temperature distribution predation in each zone inside the reactor for different 
operation temperature. 
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    (e)                                                                                    (f) 
   (g)                                                                                   (h) 
Figure (4.24) The temperature distribution prediction in each zone inside the reactor for different 
operation temperature Sims case. 
 
4.5 The effect of viscosity of liquid metals  
 The concept of a single reactor system under investigation is dependent on the natural 
circulation of antimony and antimony trioxide due to the density difference, therefore metal 
viscosity plays a major role during the metal circulation. The lack of some physical properties, 
such as viscosity and thermal conductivity, of liquid antimony and antimony trioxide was 
challenging during this study. Therefore, the thermal conductivity used during this study is based 
on information available on the solid phase as discussed in the previous chapter. The value of 
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liquid antimony viscosity is used based on [127] where viscosity is a function of temperature, 
while the value of liquid antimony trioxide is not available in the literature. To circumvent this 
lack of data and to study the effect of the viscosity on the temperature profiles in each reactor 
zone a ratio (R) is defined as the viscosity of liquid antimony over viscosity of liquid antimony 
trioxide. The temperature profile predicted in reactor zones operated at 950K with three different 
ratios R=1, R=10 and R=0.1 as shown in the table (4.5). 
Table (4.5) The viscosity values for antimony and antimony trioxide used in the simulations 
atio (R) Sb viscosity (kg/m-s) Sb2O3 viscosity (kg/m-s) 
1 0.00118971 0.00118971 
10 0.0118971 0.00118971 
0.1 0.00118971 0.0118971 
The result shows no changes in the net gas and net liquid temperature for all ratios under 
investigation.  The only changes in temperature profiles have happened before reaching the 
steady state temperature in all zones. Viscosity is defined as fluid resistance to flow and because 
our reactor used liquid metal circulation to transfer heat among its zones, an increase in fluid 
flow resistance will lead to resistance to convective heat transfer.  For R=0.1, which means the 
Sb2O3 has a higher viscosity, the Sb2O3 generated inside the Sb zone during the oxidation process 
will have more resistance to the flow and will need more time to rise to the next zone. This will 
affect the temperature profile inside all reactor zones with both gas and liquid by increasing the 
temperature in the Sb zone because the Sb2O3 liquid metal needs more time to move to the next 
zone and decrease the temperature in both Sb2O3 and CO2. The main viscosity effect is changing 
the time to reach steady state temperature, which in this case is about 20 sec compared to 8 sec 
for R=1. Similarly, for R=10, means Sb2O3 have lower viscosity and therefore required less time 
to move to the next zone.  In this case, steady state temperature can be achieved with about 4 sec 
as shown in figure (4.25) 
75 
 
(a)      (b) 
(c)       (d) 
                                    (e)      (f)  
 
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
(K
)
Time sec
Net gas
R=1
R=10
R=0.1
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
(K
)
Time sec
Net liquid
R=1
R=10
R=0.1
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Sb zone gas phase
R=1
R=10
R=0.1
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
(K
)
Time sec
Sb zone liquid phase
R=1
R=10
R=0.1
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Sb2O3 zone gas phase
R=1
R=10
R=0.1
940
980
1020
1060
1100
1140
1180
0 10 20 30 40 50 60
T
em
p
er
at
u
re
 (
K
)
Time sec
Sb2O3 zone liquid phase
R=1
R=10
R=0.1
76 
 
                                           (g)                                                                         (h) 
Figure (4.25) The effect of viscosity on temperature profile of reactor 
 
4.6 The effect of radiation 
The radiation plays an important role inside the reactor by keeping the temperature 
constant and reduce the heat loss to the surroundings. In the case under investigation the wall is 
adiabatic but to show the effect of the radiation inside the reactor, radiation effect on temperature 
profiles are studied and compared with the non-radiation effects. Case3 are simulated with 
radiation and with three different operation temperature 950K, 1000K and 1050K. The results 
are shown in figure (4.26), where the net gas temperature increased slightly due to the radiation 
effect and because the gas mixture mainly CO2 and H2O are absorbing more heat and thus 
increase the temperature of the zone. The CO2 zone with gas phase have a higher temperature 
compared to the non-radiation case, we can see a slight change in the total temperature. The 
liquid phase inside the reactor has no change due to zero absorption condition assumption.   
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        (g)          (h) 
Figure (4.26) Radiation effect in each reactor zone with different operation temperature Case3 
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CHAPTER 5 
CONCLUSION 
In this work simulation for the integrated oxycombustion system is investigated to predict 
and understand the temperature profiles inside the reactor zones using different oxidation and 
reduction rates, the viscosity of liquid metal and radiation. The graphical curves and the contours 
show the predicted temperature profiles and the species concentration with respect to reaction 
time. The result of this work has led to the following conclusions. 
1. Increasing the volumetric oxygen flow rate by 7.69 times the experimental conditions 
increased the total energy released from 100 kWm-2 to 760 kWm-2. 
2. Increasing the volumetric methane flow rate will reduce the reactor overall temperature and 
the temperature in each zone for both phases. 
3. Increasing the operating temperature does not affect the rate of temperature increase in 
each zone, but the higher operation temperature is preferred to increase the OTM 
efficiency, ie the oxygen transport rate through the membrane. 
4. The liquids’ viscosity effects are recognized only before the reactor reaches steady state 
temperature because no enough amount of Sb and Sb2O3 is forming.  Increasing liquid 
metal concentration in each zone will inhibit the viscosity effect. 
5. Operating temperature has no effect on the rate of temperature increase in each zone. 
Higher operation temperature in real life will increase the OTM efficiency, means more 
oxygen flux. Higher operating temperature will be useful to utilize the heat and generate 
steam with higher quality. 
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6. As expected, the radiation effect is only recognized for gas in the CO2 zone because gas 
absorbed more heat and radiation effect of liquid is not noticeable due to zero absorption 
condition. 
7. Increasing the contact area between the oxygen and medium by changing the OTM 
configuration will increase the oxygen reaction rate and, thus increase the heat released.   
8. The best place to mount a boiler tubes is the CO2 zone to utilize the heat and produce steam 
with good quality.  
9. Using an inverted funnel shape reactor will increase the effective contact 
area of a membrane per unit reactor volume and provide longer residence 
time for uncombusted components.  The tube diameter ratios can be 
designed based on the oxidation/ reduction rates to ensure required Sb and 
Sb2O3 content is obtained as required for steady state condition.  Finally, 
static nozzles may be used for the delivery of methane to create swirls inside Sb2O3 in order 
to increase the heat transfer rate.  
Recommendation for future work 
The integrated system under investigation are contained three sub system oxycombustion, 
LCLC, and OTM, therefore enhancement in one of these subsystems will improve the overall 
efficiency of the integrated. The following suggestion for future works: 
1. Develop a 3D model to simulate the reactor with boiler tubes placed inside it to predict 
the overall temperature profiles in the reactor and inside the heat exchanger. 
2. Antimony and antimony trioxide have great potential to serve as a medium in LCLC, but 
other metals have the same potential.  One such element is bismuth. The different liquid 
Sb
2O
3
 
Sb 
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metal and metal oxides redox couples that exist as liquids at reasonable temepratures 
need to be investigated. 
3. The reduction process for the system under study simulates methane as fuel. Using other 
fuel types such as coal and biomass to predict the temperature profile inside the reactor 
and compare the result of using different fuel types.  Experimental studies will provide 
the required kinetic parameters. 
4. The reduction process is assumed to be complete with using methane.  This is achievable 
by controlling the methane feed rate.  It is recommended to simulate the incomplete 
combustion by using higher methane flow rates and compare the two data. 
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APPENDIX-A 
Nomenclature 
𝐴  Area (m2) 
𝑎  Absorption coefficient  
ASU  Air separation unit 
AZEP  Advance zero emissions gas turbine power plant 
𝐶  Linear-anisotropic phase function coefficient 
𝐶𝐷  Drag coefficient 
𝐶𝑝  Specific heat (J/kg.K) 
CLC  Chemical looping combustion  
CMR  Catalytic membrane reactor 
DCFC  Direct carbon fuel cells 
𝑑  diameter (m) 
𝐷𝑚  Mass diffusion coefficient 
𝐷𝑇  Thermal diffusion coefficient 
F  Faraday’s constant (C/mol) 
𝑓  Drag fraction 
𝑔   Acceleration due to gravity (m/s2) 
𝐺  Incident radiation 
ℎ  Specific enthalpy (J/kmol) 
ℎ̅  Volumetric heat transfer coefficient  
ℎ.  Indicate electron holes 
ℎ
𝑜
  Enthalpy of formation 
𝐻  Heterogeneous reaction rate 
IGCC  Integrated gasification combined cycle 
ITM  Ion transport membrane  
𝐽   Diffusion flux 
𝐽𝑂2  Oxygen flux (mol s
-1 cm-2) 
𝑘  Thermal conductivity (w/m.k) 
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?⃗?   Momentum exchange coefficient 
𝐿  Membrane thickness (m) 
𝐿𝐶   Characteristic length (m) 
LCLC  Liquid chemical looping combustion 
𝑀  Molecular weight (kg/kmol) 
MIEC  Mixed ionic-electronic membrane 
𝑛  Refractive index of the medium 
OC  Oxygen carrier 
OCV  Open circuit voltage (volt) 
ODH  Oxidative dehydrogenation  
OCM  Oxidative coupling of methane 
OTM  Oxygen transport membrane 
𝑂𝑜
𝑥  Indicate oxygen ions 
POM  Partial oxidation of methane 
𝑃𝑂2  Oxygen partial pressure (atm) 
𝑃𝑂2
́   Oxygen partial pressure on rich side (atm) 
𝑃𝑂2
́́   Oxygen partial pressure on lean side (atm) 
𝑃𝑟  Prandtl number 𝐶𝑝µ/𝑘 
𝑞   Heat flux (w/m2) 
𝑄  Intensity of heat exchange between phases (w) 
𝑅  Reaction rate (kmol/m3.s) 
?⃗?   Interaction force (N) 
𝑅−  Universal gas (J/kmol.K) 
𝑅𝑒  Reynold number  
𝑆  Heat source 
SOFC  Solid oxide fuel cell 
𝑡                       Time (sec) 
T  Temperature (K) 
𝑣   Velocity of phase (m/s) 
100 
 
𝑉  Volume (m3) 
𝑉𝑂
. .  Indicate oxygen vacancies  
𝑋  Mass source 
𝑌  Mass fraction 
ZEITMOP Zero emission ion transport membrane oxygen power  
Greek symbols  
µ  Viscosity (kg/m.s) 
𝜏  Share stress 
𝜎  Stefan-Boltzmann constant 
𝜎𝑠  Scattering coefficient 
𝜎𝑖  Ion conductivity 
𝜎𝑒  Electronic conductivity 
𝛼  Volume fraction 
𝛾  Stoichiometric coefficient 
𝜌  Density (Kg/m3) 
?̂?  Effective density (Kg/m3) 
𝜏̅  Stress-strain tensor 
Subscripts 
𝑙  Liquid phase 
𝑔                     gas phase 
𝑙𝑔  Interphase between liquid and gas phases 
𝑔𝑙  Interphase between gas and liquid phases 
𝑚  Mixture  
𝑖  Indicate for specie in mixture 
𝑟  Radiation 
𝑐  Chemical  
𝑟𝑖  Reactant of specie 
𝑝𝑖  Product of specie 
𝑞                      Indicate to describe a phase  
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APPENDIX-B 
UDF 
#include "udf.h" 
#include "stdio.h" 
#include "time.h" 
#include "sg.h" 
#include "sg_mphase.h" 
#include "flow.h" 
#include "mem.h" 
#include "metric.h" 
real mflow; 
real vol_tot; 
int ncells; 
#define SMALL_S 1.e-29 
/*#define UNIVERSAL_GAS_CONSTANT 8314.472 /*J/Kmol.K*/ 
/*#define rho_O2 0.3847 /*kg/m3*/ 
/*#define rho_CH4 0.3087 /*kg/m3*/ 
#define eps_g_small 0.99999 
#define spe_small 1.e-8 
#define TMAX 2500. 
static cxboolean init_flag = TRUE; 
/* Search the index for each species*/ 
static real mw[MAX_PHASES][MAX_SPE_EQNS]; 
static int INDEX_PHASE_SB = 0, INDEX_SPECIES_SB = 0, INDEX_PHASE_SB2O3 = 0, 
INDEX_SPECIES_SB2O3 = 0, INDEX_PHASE_CO2 = 0, INDEX_SPECIES_CO2, 
 INDEX_PHASE_H2O = 0, INDEX_SPECIES_H2O = 0, INDEX_PHASE_CH4 = 0, 
INDEX_SPECIES_CH4 = 0, INDEX_PHASE_O2 = 0, INDEX_SPECIES_O2 = 0; 
DEFINE_ADJUST(rrr,domain) 
{ 
 int n, ns; 
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 Domain*subdomain; 
 /*int n_phases= DOMAIN_N_DOMAINS(domain);*/ 
 if(init_flag) 
 { 
#if!RP_HOST 
/*search all the species and saved the Molecular Weight*/ 
  sub_domain_loop(subdomain,domain,n) 
  { 
   Material*m_mat,*s_mat; 
   if (DOMAIN_NSPE(subdomain)>0) 
   { 
    m_mat = 
Pick_Material(DOMAIN_MATERIAL_NAME(subdomain),NULL); 
    mixture_species_loop(m_mat,s_mat,ns) 
    { 
     if (0 == 
strcmp(MIXTURE_SPECIE_NAME(m_mat,ns),"sb")) 
     { 
      INDEX_PHASE_SB = n; 
      INDEX_SPECIES_SB = ns; 
     } 
     else if (0 == 
strcmp(MIXTURE_SPECIE_NAME(m_mat,ns),"sb2o3")) 
     { 
      INDEX_PHASE_SB2O3 = n; 
      INDEX_SPECIES_SB2O3 = ns; 
     } 
     else if (0 == 
strcmp(MIXTURE_SPECIE_NAME(m_mat,ns),"co2")) 
     { 
      INDEX_PHASE_CO2 = n; 
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      INDEX_SPECIES_CO2 = ns; 
     } 
 
     else if (0 == strcmp(MIXTURE_SPECIE_NAME(m_mat, 
ns),"h2o")) 
     { 
      INDEX_PHASE_H2O = n; 
      INDEX_SPECIES_H2O = ns; 
     } 
     else if (0 == strcmp(MIXTURE_SPECIE_NAME(m_mat, 
ns),"ch4")) 
     { 
      INDEX_PHASE_CH4 = n; 
      INDEX_SPECIES_CH4 = ns; 
     } 
     else if (0 == strcmp(MIXTURE_SPECIE_NAME(m_mat, 
ns),"o2")) 
     { 
      INDEX_PHASE_O2= n; 
      INDEX_SPECIES_O2 = ns; 
     } 
                                            
CX_Message("\n%d%d,%d%d%,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d
%d%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d,%d%d%d%d,%d%d,%d%d,%d%d,
%d%d,%d%d,%d%d\n", 
                            INDEX_PHASE_SB, INDEX_SPECIES_SB, INDEX_PHASE_SB2O3, 
INDEX_SPECIES_SB2O3, INDEX_PHASE_CO2, INDEX_SPECIES_CO2, 
                            INDEX_PHASE_H2O, INDEX_SPECIES_H2O, INDEX_PHASE_CH4, 
INDEX_SPECIES_CH4, INDEX_PHASE_O2, INDEX_SPECIES_O2); 
     mw[n][ns] = MATERIAL_PROP(s_mat,PROP_mwi); 
    } 
   } 
 else 
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 { 
  s_mat = Pick_Material(DOMAIN_MATERIAL_NAME(subdomain),NULL); 
  mw[n][0] = MATERIAL_PROP(s_mat,PROP_mwi); 
 } 
 
 } 
#endif 
 init_flag = FALSE; 
} 
} 
DEFINE_HET_RXN_RATE(oxidation, c, t, hr, mw, yi, rr, rr_t) 
{ 
 Thread**pt = THREAD_SUB_THREADS(t); 
 Thread*tp = pt[0]; /*Gas phase*/ 
 Thread*ts = pt[1]; /*Liquid phase*/ 
 real prod; 
 real x0_star = 0, x_star = 0.; 
  *rr = 0; 
 prod = 0; 
 { 
  if (C_VOF(c, ts) < 
eps_g_small&&yi[INDEX_PHASE_O2][INDEX_SPECIES_O2] > spe_small) 
  { 
   prod = (yi[INDEX_PHASE_O2][INDEX_SPECIES_O2] - 
x_star)*0.3848/ mw[INDEX_PHASE_O2][INDEX_SPECIES_O2];/*kmol/m3*/ 
 
   *rr =1000*prod*C_VOF(c, tp);/*kmol/m3.s*/ 
  } 
 } 
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} 
DEFINE_HET_RXN_RATE(reduction, c, t, hr, mw, yi, rr, rr_t) 
{ 
 Thread**pt = THREAD_SUB_THREADS(t); 
 Thread*tp = pt[0]; /*gas phase*/ 
 Thread*ts = pt[1]; /*liquid phase*/ 
 real prod; 
 real x0_star = 0, x_star = 0.; 
  *rr = 0; 
 prod = 0; 
 { 
  if (C_VOF(c, ts) < 
eps_g_small&&yi[INDEX_PHASE_CH4][INDEX_SPECIES_CH4] > spe_small) 
        { 
   prod = (yi[INDEX_PHASE_CH4][INDEX_SPECIES_CH4] - 
x_star)*0.3087 / mw[INDEX_PHASE_CH4][INDEX_SPECIES_CH4];/*kmol/m3*/ 
   *rr =1000*prod*C_VOF(c, tp);/*kmol/m3.s*/ 
  } 
 } 
} 
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